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ABSTRACT 


The  allocation  of  resources  to  contemporaneous  projects 
is  a problem  characteristic  of  manufacturing  firms,  con- 
tracting firms,  and  research  and  development  organizations. 

In  allocating  resources  it  is  often  found  that  activities 
demand  more  resources  than  are  available.  When  this  happens 
a question  arises  regarding  which  jobs  to  delay  and  which 
jobs  to  schedule. 

Mathematical  programming  techniques  and  heuristic 
solution  procedures  have  been  employed  to  solve  this  resource 
allocation  problem.  The  mathematical  programming  methods 
are  generally  quite  slow  and  often  require  more  computer 
memory  than  is  available.  These  methods  do,  however,  give 
optimum  solutions  to  resource  allocation  problems  when 
the  problem  is  small  enough  to  be  solved  with  the  methods. 
Heuristic  solution  procedures  require  relatively  small  amounts 
of  computer  memory  and  are  generally  quite  fast  at  generating 
solutions  to  a problem.  The  solutions  derived  when  employing 
these  procedures  are,  however,  not  necessarily  optimum.  The 
object  of  this  study  is  to  statistically  assess  many  of  the 
heuristic  solution  procedures  available  for  scheduling  mul- 
tiple projects.  Mathematical  programming  methods  are 


considered  only  to  the  extent  that  they  can  be  employed  in 
implementing  the  logic  of  a heuristic  solution  procedure. 

The  approach  taken  in  this  assessment  is  to  obtain  data 
representing  an  actual  multi-project  scheduling  problem. 

The  data  gathered  consists  of  thirty-four  projects  each  with 
as  many  as  thirty  activities  to  be  scheduled  over  an  eight 
month  interval. 

The  thirty-four  projects  are  scheduled  simultaneously 
using  four  variations  of  five  basic  scheduling  heuristics. 

The  scheduling  heuristics  examined  are  as  follows:  (1)  the 

shortest  imminent  operation  heuristic  of  the  job  shop  prob- 
lem, (2)  a rule  which  considers  the  slack  time  of  an  activity, 
(3)  a rule  which  considers  the  total  resources  demanded  by  an 
activity,  (4)  a rule  which  attempts  to  schedule  around  poten- 
tial bottleneck  activities,  and  (5)  a rule  which  employs  a 
zero-one  integer  programming  algorithm  in  order  to  schedule 
man  power  efficiently  over  a small  time  interval.  The  var- 
iations of  these  rules  are  a provision  for  scheduling  act- 

f 

ivities  at  Tandom  in  case  of  ties  on  another  rule  and  a 
reschedule  feature  which  reschedules  activities  based  on 
resource  conflicts  exhibited  in  the  first  feasible  schedule. 

Each  of  the  scheduling  rules  is  evaluated  on  its  ability 
to  generate  schedules  with  low  total  project  delays  and  low 


weighted  project  delays  where  the  weights  are  determined 
by  the  size  of  the  project.  In  addition,  the  rules  are 
evaluated  on  their  ability  to  generate  schedules  which  utilize 
man  power  efficiently.  Employing  analysis  of  variance  tests, 
multiple  ranking  procedures,  and  multiple  comparison  methods, 
an  attempt  is  made  to  distinguish  which  of  the  scheduling 
rules  are  superior  to  others  in  satisfying  these  measures  of 
organizational  performance. 

The  results  of  the  study  demonstrate  that  scheduling 
rules  which  are  based  on  the  logic  of  processing  jobs  through 

t 

the  system  as  rapidly  as  possible  produce  schedules  with 
low  project  delays  at  the  expense  of  a rather  inefficient 
utilization  of  resources.  Those  scheduling  rules  which  are 
based  on  using  resources  efficiently  do  so  at  the  expense  of 
large  delays  in  the  completion  of  projects.  The  shortest 
imminent  operation  heuristic  schedules  activities  with  the 
least  total  project  delays.  A scheduling  rule  based  on  the 
total  float  present  in  an  activity,  however,  generally 
schedules  projects  with  less  weighted  delay. 

Attempts  to  improve  upon  scheduling  rules  by  adding  an 
element  of  chance  in  the  scheduling  of  activities  or  by 
rescheduling  activities  based  on  resource  conflicts  exhibited 
in  the  first  feasible  schedule  are  generally  unsuccessful 


when  a large  class  of  problems  is  considered.  In  isolated 
cases,  though,  the  presence  of  randomness  and  rescheduling 
makes  substantial  improvements'  in  a schedule. 

The  difference  in  computer  processing  times  required 

i 

for  implementing  the  various  scheduling  rules  is  small  for 
the  problems  considered.  The  scheduling  rule  employing  the 
zero-one  integer  programming  algorithm  is  the  only  one  which 
requires  a significantly  larger  amount  of  computer  time  for 
developing  a schedule. 
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CHAPTER  1 


RESOURCE  ALLOCATION  IN  PROJECT  NETWORKS 

I. 1  Introduction 

The  scheduling  of  multiple  projects  involves  organizing 
vast  quantities  of  diversified  resources.  The  post -World 
War  II  era  has  witnessed  the  organization  of  massive  projects 
in  building  numerous  dams,  bridges,  and  interstate  highway 
systems,  as  well  as  in  developing  huge  missile  complexes 
and  intricate  earth  satellites.  Thus,  it  is  somewhat 
surprising  that  until  recently  little  research  effort  has 
been  expended  in  developing  scheduling  systems  for  multiple 
projects . 

The  growing  size  and  complexity  of  these  projects  has 
intensified  the  need  for  better  methods  of  planning  and 
scheduling  work  activity.  A great  advance  was  made  in  1959 

l 

with  the  development  of  critical  path  scheduling,  a 
technique  which  considers  the  temporal  dimensions  of 
scheduling.  The  importance  of  this  technique  is  reflected 

1 

For  the  original  descriptions  of  this  technique,  see: 

J.  E.  Kelley  and  M.  R.  Walker,  "Critical-path  Planning  and 
Scheduling,"  Proceedings  of  Eastern  Joint  Computer  Conference, 
(December  1959),  pp.  160-173  and  D.  Malcolm,  et  al . , "Appli- 
cation of  a Technique  for  Research  and  Development  Program 
Evaluation,"  Operations  Research,  Vol . 7,  No.  5 (September- 
October  1959),  pp.  646-669. 
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in  the  number  of  publications  on  the  subject.  Over  nine 

texts  and  300  articles  have  been  published  in  the  ten-year 

2 

period  since  the  introduction  of  the  method.  The  publications 
have  both  challenged  the  assumptions  of  the  technique  and  in- 
creased the  number  of  situations  where  the  method  can  be 
applied. 

The  basis  of  critical  path  scheduling  in  both  the  single 
and  the  multiple  project  case  is  the  representation  of  a work 
program  or  project  as  a network  of  nodes  and  arcs  giving  an 
explicit  representation  of  the  interrelationships  of  the  jobs 
necessary  to  complete  the  project.  An  example  network  dia- 
gram is  shown  in  Figure  1.  It  is  referred  to  in  the  litera- 
ture as  a precedence  diagram  or  an  activity-oriented  project 
graph,  in  which  the  nodes  represent  jobs  to  be  performed  and 

3 4 

the  arcs  denote  precedence  of  jobs.  Thus  the  job  or  activity 
assigned  the  number  3 cannot  begin  until  the  first  job  has  been 
completed.  A single  project,  then,  is  defined  as  a partially 

2 

E.  W.  Davis,  "Resource  Allocation  in  Project  Network 
Models--A  Survey,"  Journal  of  Industrial  Engineering , 

Vol . 17,  No.  4,  (April  1966),  pp.  177-188. 

3 

An  alternate  network  representation  of  a project  is 
the  event -oriented  diagram  where  the  roles  of  arcs  and  nodes 
is  just  reversed.  Nodes  represent  events  or  discrete  points 
in  time  and  arcs  represent  activities  or  jobs  originating 
and  terminating  in  a unique  pair  of  nodes.  The  analysis  is 
similar  using  either  representation. 

4 

Job,  activity,  and  task  are  used  synonymously  in  this 

study. 
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ordered  set  of  joos  requiring  time  and  r«.  ,urces , executed 
according  to  a predetermined  logic.  When  the  terminus  or 
the  final  job  is  completed,  that  project  is  said  to 
be  completed. 

The  outstanding  feature  of  project  activity,  as 
distinguished  from  the  job  shop  and  the  assembly  line 


balancing  problem,  is  that  each  project  has  never  been 
performed  before  and  probably  will  never  be  performed  again.5 


similarities  of  the  job  shop,  the  assembly  line  balancing, 
and  the  project  scheduling  problems,  see:  E.  W.  Davis, 

"An  Exact  Algorithm  for  the  Multiple  Constrained-Resource 
Project  Scheduling  Problem,"  (Ph.D.  Dissertation,  Yale 
University,  1969),  pp.  9-13  and  J.  D.  Weist,  "The  Scheduling 
of  Large  Projects  witfi  Limited  Resources,"  (Ph.D.  Dissertation, 
Carnegie  Institute  of  Technology,  1963),  pp.  4-6 
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The  representation  of  a project  as  a network  diagram 
serves  as  the  basis  for  the  time  calculations  of  the 
critical  path  method  and  determines  the  earliest  (EST)  and 
latest  (LST)  times  that  a job  can  start  for  the  efficient 
execution  of  the  project.  A listing  of  the  definitions  and 
symbols  relevant  to  the  critical  path  method  is  included 
in  Appendix  B.  These  definitions  and  symbols  are  used 
throughout  the  study. 

The  applicability  of  critical  path  scheduling  is 
limited  by  the  algorithm's  inability  to  cope  with  conflicting 
resource  demands.  These  conflicts  arise  when  two  or  more 
jobs  simultaneously  demand  more  resources  than  are  available. 
Either  additional  resources  will  have  to  be  obtained,  or  one 
job  will  have  to  be  postponed  until  sufficient  resources 
become  available  to  schedule  it.  In  the  latter  instance, 
the  dominant  questions  become  which  jobs  to  schedule  first, 
and  which  jobs  to  delay. 

Several  different  algorithms  have  been  developed  for 
assigning  scheduled  starting  dates  to  jobs  within  projects 
where  conflicts  in  resource  usage  occur.  These  algorithms 
are  generally  composed  of  a mathematical  programming 
routine  or  a simple  heuristic  scheduling  rule  which  estab- 
lishes priorities  for  jobs  to  be  subsequently  scheduled. 
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Although  massive  efforts  and  large  expenditures  have 
been  made  in  developing  scheduling  algorithms,  very  little 
effort  has  been  expended  in  measuring  the  relative 
effectiveness  of  the  heuristics  which  these  algorithms 
employ.  An  evaluation  of  the  scheduling  power  of  various 
heuristic  rules  for  scheduling  multiple  projects  is  desirable 
in  order  to  determine  which  ones  are  most  likely  to  develop 
improved  schedules.  Such  an  evaluation  is  the  purpose  of 
the  present  investigation. 

1.2  Problems  in  Resource  Allocation 

Four  distinct  problems  related  to  allocating  resources 
in  project  networks  exist.  They  are  called:  Resource 

accumulation  (Fig.  2A) , Resource  smoothing  or  leveling 
(Fig.  2B) , Satisfying  resource  constraints  (Fig.  2C) , and 
Time/cost  tradeoff  procedures  (Fig.  3).  These  problems  are 
outlined  below,  and  the  problem  with  which  this  study  is 
concerned  is  indicated.  In  all  problems  except  the  time/cost 
tradeoff  procedures,  it  is  assumed  that  the  resources  are  used 
by  an  activity  at  a constant  rate.  Figure  2 gives  the 
resource  usage  resulting  from  the  application  of  the  constant 
resource  usage  methods  to  the  project  in  Figure  1. 


RESOURCE  USAGE  RESOURCE  USAGE  RESOURCE  USAGE 


( A ) 


TIME 


Figure  2 
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1.  Resource  Accumulation  (Fig.  2A) 

Resource  accumulation  is  the  simplest  technique  and 
consists  of  accumulating  resources  against  a time  scale 
determined  by  the  critical  path  analysis.  The  essence  of 
the  method  is  that  all  jobs  are  started  at  the  earliest 
possible  times.  The  method  is  generally  used  when  technical 
expertise  is  not  available  to  cope  with  the  widely  varying 
resource  usage  rates  that  the  method  creates . 

The  completion  of  the  entire  project  as  soon  as  is 
technically  possible  is  the  over-riding  scheduling  criterion 
under  resource  accumulation.  Because  all  jobs  are  started  at 
the  earliest  possible  time,  the  probability  of  the  project's 
being  delayed  beyond  the  completion  date  indicated  by  the 
critical  path  analysis  is  less  than  under  the  other  two 
scheduling  problems  which  assume  a fixed  resource  usage 
rate. 

2.  Resource  Leveling  (Fig.  2B) 

The  resource  leveling  problem  assumes  resources  are  used 
at  a constant  rate,  as  long  as  no  delays  are  introduced  in  the 


6 

The  title  of  this  method  is  based  on  the  resource 
allocation  section  of  the  "Report  of  the  Working  Party  on 
Large  Networks"  by  D.  J.  McLeod  and  C.  Staffurth.  This 
reference  can  be  found  in:  Gail  Thornley,  (ed.).  Critical 

Path  Analyses  in  Practice,  London:  Tavistock  Publications, 

1968,  pp.  45-47. 
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completion  of  the  project.  This  approach  may  be  satisfactory 
when  sufficient  resources  are  available  to  schedule  all  jobs 
at  the  early  start  date.  Burgess  and  Killebrew  show  that 
solving  this  problem  is  equivalent  to  minimizing  the  sum  of 
squares  of  the  resource  requirements  from  time  period  to 
time  period;  they  present  a computer  flow  chart  for  doing 

7 

exactly  this. 

The  importance  of  this  problem  is  indicated  by  the 
number  of  situations  in  which  it  exists.  Private  contractors, 
for  example,  are  typically  less  concerned  with  resource 
limitations  than  they  are  with  meeting  contract  due-dates. 

They  have  flexible  resource  levels  available  through  union 
hiring  halls,  yet  they  also  have  a desire  to  keep  the  usage 
of  these  resources  as  level  or  as  smooth  as  possible. 

This  study  does  not  concern  itself  with  this  problem 
directly,  but  many  of  the  techniques  employed  by  it  are 
useful  in  the  next  problem  considered,  that  of  extending 
the  project  as  little  as  possible  given  stated  resource 
constraints.  The  review  by  Davis  gives  a more  detailed 

7 

A.  R.  Burgess  and  J.  B.  Killebrew,  "Variation  in 
Activity  Level  on  a Cyclic  Arrow  Diagram,"  Journal  of 
Industrial  Engineering , Vol.  13,  No.  2,  (March-April  1962), 
pp.  76-83. 
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discussion  of  the  resource  smoothing  problem. 

3.  Satisfying  Resource  Constraints  (Fig.  2C) 

Satisfying  resource  constraints  is  concerned  with 
minimizing  a project's  duration  where  a lack  of  resources 
forces  the  postponement  of  some  jobs.  Many  employers,  for 
example,  find  it  both  expensive  and  difficult  to  vary 
manpower  and  physical  facilities  within  a scheduling  period. 
Due  to  labor  contract  requirements  and  the  disadvantages  of 
releasing  workers  (ill-will,  increased  unemployment 
compensation  contributions,  etc.),  these  firms  or  individuals 
are  reluctant  to  vary  their  usage  of  resources  to  any  great 
extent.  They  are  more  interested  in  how  the  duration  of  a 
project  can  be  minimized  subject  to  constraints  on  resources. 

The  month-  aiding  project  of  closing  the  accounting 
records  in  a large  firm  is  an  example  of  the  necessity  of 
a firm  to  extend  the  duration  of  a project  because  of 

9 

constraints  on  resource  availability.  The  important  point 


e 

E.  W.  Davis,  op . cit . , (1966),  pp.  183-185. 
9 

J.  D.  Weist,  op . cit . , (1963),  p.  9. 
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to  note  is  that  when  the  limits  on  resources  are  inflexible, 
there  is  a potential  problem  to  a firm  which  otherwise  has 
flexible  resource  levels  available  in  other  operating 
departments.  Extending  the  duration  of  projects  minimally 
under  stated  resource  constraints  is  the  problem  of  resource 
allocation  in  project  networks  with  which  this  study  is 
concerned. 

4.  Time/Cost  Tradeoff  Procedures  (Fig.  3) 

When  projects  can  be  accelerated  by  the  allocation  of 
more  resources  to  an  activity,  time/cost  tradeoff 
procedures  are  available  for  determining  the  least  costly 
schedule  for  a given  project  duration.  It  is  assumed  under 
th  is  method  that  resources  can  be  used  by  an  activity  at 
a varying  rate  and  that  as  the  number  of  resources  assigned 
to  an  activity  increases,  the  direct  cost  of  completing  the 
activity  increases  also. 

If  the  time-cost  relationship  of  project  activities  is 

a continuous  convex  function  which  can  be  accurately 

approximated  by  a piecewise  linear  curve,  the  problem  can  be 

formulated  and  solved  using  the  Ford-Fulkerson  network  flow 
l o 

algorithm.  Figure  3 illustrates  the  activity  time-cost 

nj  ■ - — — — 

E.  W.  Davis,  op.  cit.  , (1966),  p.  182. 


relationships  necessary  for  solving  the  problem  by  the 
Ford-Fulkerson  method. 


Figure  3:  Piecewise  Linear  Project  Cost  Curve 


Of  the  four  problems  of  resource  allocation  discussed, 
minimizing  project  duration  subject  to  resource  constraints 
(satisfying  resource  constraints)  has  proved  the  most 
difficult  to  solve  computationally,  and  so  is  the  one 
examined  in  this  research.  The  next  section  describes 
the  difficulties  that  are  encountered  when  one  attempts  to 
solve  the  resource  allocation  problem.  These  difficulties 
stem  from  an  inability  to  construct  and  solve  a well- 
defined  mathematical  system.  Heuristic  methods  of 
solution  are  singled  out  as  being  the  most  computationally 


practicable  means  of  solving  the  problem  today. 


1.3  Methods  of  Solving  the  Resource  Constrained  Scheduling 
Problem 

The  resource  constrained  scheduling  problem  is 
representative  of  a class  of  combinatorial  problems; 
an  extremely  large  number  of  ways  exist  in  which  a series  of 
project  schedules  can  be  developed.  Being  a combinatorial 
problem,  it  has  not  yielded  readily  to  the  solution 
techniques  of  the  usual  mathematical  programming  routines. 

Attempts  to  solve  the  resource  constrained  scheduling  problem 

11  12  13 

by  linear,  integer,  quadratic,  and  zero -one 

14  15 

programming,  as  well  as  bounded  enumeration  have  been 


* * J.  D.  Brand,  "The  Resource  Scheduling  Problem  in 
Construction,"  Civil  Engineering  Studies,  Report  No.  5, 
(Urbana,  Illinois:  Department  of  Civil  Engineering, 

University  of  Illinois,  1964). 

12 

J.  D.  Weist,  op.  cit.  , (1963) 
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Fred  L.  Bennett,  "Some  Approaches  to  the  Critical 
Path  Scheduling  Resource  Allocation  Problem,  (Ph.  D. 
Dissertation,  Cornell  University,  1966). 

14 

A.A.B.  Pritsker,  et  al ♦ , "Multi-Project  Scheduling 
with  Limited  Resources:  A Zero -One  Programming  Approach," 

Management  Science , Vol . 16,  No.  1,  (September  1969), 
pp.  93-109. 
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E.  W.  Davis,  op.  cit.  , (1969). 


For  most  actual  project  scheduling  problems,  the  methods 
are  wholly  inappropriate,  the  only  exception  being  the 
solution  of  local  or  one-period  scheduling  problems.  The 
following  are  some  of  the  difficulties  encountered  in  solving 
resource  constrained  problems  with  these  methods: 

1.  The  first  source  of  difficulty  stems  from  the 
inability  to  construct  a clear  statement  of  the  problem. 

This  is  due  in  part  to  the  fact  that  the  problem  is 
ill-structured  and  is  difficult  to  express  in  precise 
mathematical  terms. 

Managers  and  project  engineers  quite  often  ask  about 
the  effects  of  doubling  the  number  of  engineers  assigned  to 
a project  or  of  leasing  additional  equipment  during  the 
critical  phases  of  a project.  For  the  most  part,  they 
are  interested  in  qualitative  answers  to  their  questions  or 
else  are  interested  in  the  results  of  differing  assumptions 
on  the  input  parameters.  This  need  for  examining  alternate 
assumptions  makes  a well-defined  objective  nearly  impossible 

in  these  instances.  Because  of  the  ability  of  heuristic 

IT 

Small  sets  of  moderate  size  projects  refer  to  prob- 
lems containing  no  more  than  4 projects  of  30  or  less  act- 
ivities each,  with  each  activity  demanding  less  than  5 
different  resource  types. 
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methods  to  generate  solutions  rapidly,  they  are  natural 
candidates  for  answering  these  questions. 

The  number  of  alternatives  available  in  many 
scheduling  problems  also  leads  to  difficulty  in  problem 
statement.  Activities  can  generally  be  started  and  main- 
tained for  a long  time  with  fewer  resources  than  are  ideal . 
This  leads  to  difficulty  in  stating  just  what  levels  of  a 
resource  are  needed  to  complete  an  activity.  The  fact  that 
the  activities  interact  in  their  sharing  of  these  resources 
only  serves  to  complicate  the  problem. 

2.  A second  source  of  difficulty  stems  from  the 
formulation  and  solution  of  the  mathematical  system,  once 
the  problem  has  been  unambiguously  stated.  This  is  due  in 

1 7 

part  to  the  sheer  size  of  the  problem  and  also  the  number 

of  variables  and  constraints  necessary  to  correctly  describe 

the  problem.  Weist  cites  the  following  example: 

....given  a project  with  55  jobs  in  4 shops 
with  a time  span  of  30  days,  and  you  have  some 
5275  equations  and  1650  variables  (not  counting 
slack  variables  or  the  additional  equations  and 
variables  necessary  to  assure  an  integer 
solution).  If  job  splits  are  not  allowed,  the 
number  of  equations  increases  to  about  6870. 18 


T7 

For  example,  scheduling  5 jobs,  each  being  processed 
on  5 different  machines,  leads  to  considering  some  2S 
billion  [(5!)5]  possible  job  sequences. 

18 

J.  D.  Weist,  op.  cit . , (1963),  p.  24. 


To  be  sure,  the  problem  can  be  formulated  with  fewer 

variables  and  constraints  than  those  outlined  by  Weist. 

19  20 

The  work  of  Balas,  Pritsker,  and  others  have  led  to  more 
compact  formulations  of  the  problem.  Even  with  these 
reduced  formulations  of  the  resource  constrained  scheduling 
problem,  the  number  of  constraints  and  variables  necessary 
to  describe  and  solve  the  problem  exceeds  the  memory  capacity 
of  the  largest  computers  available  today. 

When  mathematical  analysis  of  a problem  breaks  down 
due  to  difficulty  in  stating  the  problem,  difficulty  in 
formulating  the  problem,  or  difficulty  in  computationally 
solving  the  problem,  one  generally  resorts  to  a heuristic 
procedure  for  examining  a sub-space  of  his  problem-solution 
domain  rich  in  good,  but  possibly  not  optimum  solutions. 

Such  has  been  the  case  in  solving  the  resource  constrained 
project  scheduling  problem.  To  date,  the  more 
computationally  practicable  programs  have  been  those 
employing  heuristic  methods  of  solution.  In  Weist's  latest 
version  of  his  SPAR-2  program,  for  example,  he  is  able  to 
accommodate  a problem  with  1500  jobs,  500  nodes,  and 


E.  Balas,  "An  Additive  Algorithm  for  Solving  Linear 
Programs  with  Zero-One  Variables,"  Operations  Research , 
Vol.  13,  No.  3,  (July-August  1965),  pp.  517-546. 


cit . , pp.  93-109. 


A.A.B.  Pritsker,  et  al . , 


practically  no  limit  on  the  number  of  resource  categories  or 

2 1 

length  of  the  project  in  days.  Other  heuristic  programs 
give  optimum  or  near  optimum  solutions  to  certain  project 
scheduling  problems  in  one-fourth  or  less  of  the  time  that  it 
takes  their  mathematical  programming  counterparts  to  arrive 
at  the  same  solution. 

By  resorting  to  heuristic  solutions  one  is,  of  course, 
sacrificing  a guaranteed  optimum  solution  to  his  problem. 

This  is  the  price  paid  for  the  computational  feasibility 
that  heuristics  provide.  But  the  guarantee  of  an  optimum 
solution  is  of  little  real  value  if  it  is  impossible  to 
find. 


1.4  Objective  and  Scope  of  the  Study 

The  primary  objective  of  the  study  is  to  evaluate  the 
ability  of  heuristic  rules  to  schedule  multiple  projects 
which  occur  simultaneously  within  a firm.  These  rules  are 
evaluated  on  their  ability  to  generate  schedules  with  low 
total  project  delays,  low  weighted  project  delays  where  the 
weights  are  determined  by  the  size  of  the  project,  and  on 

n — - — — 

J.  D.  Weist,  "A  Heuristic  Model  for  Scheduling  Large 
Projects  with  Limited  Resources,"  Management  Soienoe , 

Vol.  13,  No.  6,  (February  1967),  pp.  359-399. 
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their  ability  to  generate  schedules  which  utilize  man  power 
efficiently.  An  assessment  of  the  amount  of  computer  time 
required  for  implementing  each  of  the  scheduling  rules  is 
also  given. 

Five  basic  scheduling  rules  each  with  four  variations 
are  examined  in  the  study.  Examples  of  these  rules  are  the 
shortest  imminent  operation  heuristic  of  the  job  shop  problem, 
a rule  which  considers  the  slack  present  in  an  activity,  and 
a rule  which  attempts  to  look-ahead  and  schedule  potential 
bottleneck  activities.  The  variations  of  these  rules  are  a 
provision  for  rescheduling  activities  based  on  resource  con- 
flicts exhibited  in  the  first  feasible  schedule  and  a pro- 
vision for  switching  activities  at  random  in  the  order  in 
which  they  are  considered  for  resource  assignment  when  they 
tie  on  one  of  the  five  basic  scheduling  rules. 

The  scheduling  rules  examined  are  applied  to  an  actual 
multi-project  scheduling  problem  existing  in  a research  and 
development  organization  which  develops  pyrotechnic  items. 
Thirty-four  projects  occur  simultaneously  in  this  organiza- 
tion and  are  scheduled  over  an  eight  month  interval.  Each 
project  contains  at  most  thirty  activities  and  each  activity 
demands  as  many  as  thirteen  different  resource  types. 


Analysis  of  variance,  multiple  range  tests,  and  multiple 
ranking  procedures  are  employed  to  assess  the  abilities 
of  th € scheduling  rules.  In  all  cases,  an  attempt  is  made 
to  distinguish  which  rule  schedules  activities  with  the 
lowest  amount  of  delay  in  the  completion  of  the  projects 
and  which  rule  schedules  activities  so  that  man  power  is 
utilized  most  efficiently. 

The  next  chapter  reviews  previous  research  efforts 
expended  in  solving  the  resource  constrained,  multi-project 
scheduling  problem  by  heuristic  methods. 


CHAPTER  2 


REVIEW  OF  COMPARATIVE  STUDIES 


2.1  Introduction 

In  this  chapter  three  previous  research  efforts  which 

address  the  constrained  resource  project  scheduling  problem 

1 

are  reviewed.  The  first,  by  Pascoe  provides  an  example 
of  an  experimental  design  for  assessing  the  efficacy  of 

2 

project  scheduling  rules.  The  remaining  studies  by  Mize 
3 

and  Knight  suggest  some  heuristic  scheduliny  rules  which 
appear  valuable  for  scheduling  several  projects  which 
simultaneously  compete  for  the  limited  resources  of  the  firm. 
These  research  efforts  are  by  no  means  all  of  the  literature 
on  project  scheduling  available  today;  they  are  simply  in- 
dicative of  the  existing  literature  and  are  directly  relevant 
to  this  study. 


1 

T.  L.  Pascoe,  "An  Experimental  Comparison  of 
Heuristic  Methods  for  Allocating  Resources,"  (Ph.D. 
Dissertation,  Cambridge  University,  1965). 

2 

J.  H.  Mize,  "A  Heuristic  Scheduling  Model  for  Multi- 
Project  Organizations,"  (Ph.D.  Dissertation,  Purdue 
University,  1964)  . 

3 

R.  M.  Knight,  "Resource  Allocation  and  Multi- 
Project  Scheduling  in  a Research  and  Development 
Environment,"  (M.S.  Thesis,  Massachusetts  Institute  of 
Technology,  June,  1966). 
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Before  the  pertinent  literature  is  reviewed,  it  will  be 
useful  to  have  a standard  set  of  definitions  and  symbols 
available.  Table  1 provides  such  a list.  In  addition,  the 
following  definitions  will  be  used  throughout  the  remainder 
of  this  study. 

1.  Activity  a^  is  said  to  have  priority  over 
activity  a^ ’ at  time  t if  activity  a^  is  considered  for 
resource  assignment  before  activity  a. ' is  considered. 
Priorities  are  often  based  on  rules-of-thumb . 

2.  Resources  are  man  power,  funding,  facilities,  and 
equipment  that  separately  or  in  combination  are  expended  in 
accomplishing  an  activity.  Man-hours  and  resources  are  used 
synonomously  throughout  this  research.  (See  "Assumptions" 
in  Chapter  3.)  There  are  q different  types  of  resources 
that  may  be  required  to  complete  any  given  project  or 
activity  within  a project. 

3.  A schedule  consists  of  an  assignment  of  starting 
dates  and  resource  usage  for  all  activities  comprising  the 
projects  of  the  firm.  A schedule  is  said  to  be  feasible 
if  (1)  all  precedence  relations  have  been  satisfied  and 
(2)  sufficient  resources  are  available  for  assignment  to 


activities  at  their  scheduled  occurrence  dates. 
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4.  0 is  a vector  of  subsets  of  activities  that  have 

not  been  but  could  be  scheduled  during  the  current  time 

interval.  The  subsets  of  activities  comprising  G changes 

throughout  the  development  of  a schedule.  0 is  p 

dimensional;  0 = (elf  02,  ...,  9 ).  e exists  for  all 

pm 

projects  (m  * 1,  2 p) . 

2.2  T.  L.  Pascoe 

Pascoe  undertakes  the  problem  of  determining  the  amount 
of  variation  in  selected  project  scheduling  objectives  that 
can  be  accounted  for  by  the  methods  of  determining  schedules. 
His  experimental  medium  is  a set  of  single  projects 
(consisting  of  twenty  jobs  and  three  resources)  constructed 
randomly  by  sampling  selected  project  characteristics. 

These  characteristics  are  shown  in  Table  2. 

Pascoe  notes  that  various  measures  of  scheduling 
priority  can  be  implemented  through  sorting  routines.  For 
example,  if  a scheduling  rule  based  upon  the  least  total 
float  of  an  activity  is  desired,  all  that  is  needed  to 
obtain  this  priority  is  a sort  routine  which  will  sort 
activities  on  the  basis  of  total  float,  those  activities 
possessing  the  least  total  float  being  placed  first  on  the 
sorted  list.  Scheduling  activities  on  the  basis  of  total 
float  then  simply  consists  of  assigning  resources  to  act- 
ivities in  theiT  sorted  order  until  rmflnrrpc  o-ra  •Pill'll 
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TABLE  1 

GLOSSARY  OF  SYMBOLS 

A 

The  set  of  all  activities  to  be  scheduled 

a . 
3 

Activity  j (a^eA) 

b? 

i 

Resource  i available  at  time  t;  bt  dimension 
1 x q 

q 

Z r . . 

c . 
3 

i-1  1J 

d. 

3 

Duration  of  a. 

3 

P 

Number  of  projects  to  be  scheduled 

q 

Number  of  resource  categories  available 
during  a schedule 

r* 

l 

Resource  i available  during  a schedule 
span;  r*  dimension  1 x q 

R* 

Matrix  of  resources  required  by  all  a^  which 
can  be  scheduled  at  time  t 

r. 

13 

Resource  i required  by  a^ 

e 

(See  definitions  preceding) 
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TABLE  2 

PARAMETERS  USED  BY  PASCOE  FOR  GENERATING  PROJECTS 


a * aspect  ratio  * project  rank/the  maximum  number  of 

parallel  activities  in  a project 


where : 

rank  - the  number  of  activities  preceding  the 

terminus  event  along  the  longest  path  from 
the  origin  of  the  project 

c ■ complexity  = m/n 

where : 

m = number  of  activities  in  a project 

n - number  of  nodes  or  events  in  a project 

E d. 
a^  eA 

d * density  = 

E 

a . eA 
J 

o ■ obstruction  = 

s 

r 


d.  + r FFa . 
J eA  j 

c • R 


where : 

c = complexity 

Sj*  = the  average  number  of  activities  that  can  be 
accommodated  within  the  availability  of 
resource  r. 

R - « — h-  average  number  of  resources  used  per  activity 

Rtot  the  number  °f  resources  available  to  the"  project 


pp.  B-19  - B-21. 


Source:  T.  L.  Pascoe,  op ,cit . . 
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expended.  Although  not  all  priorities  can  be  implemented  in 
this  manner,  enough  of  them  can  be  to  make  it  worth  repeating 
those  which  Pascoe  considers.  These  are  shown  in  Table  3. 

The  results  of  Pascoe' s study  in  the  form  of  an 
analysis  of  variance  for  the  criteria  Duration  of  the 
Project  and  Percent  Utilization  of  Facilities  appear  in 
Tables  4 and  5 respectively.  It  is  interesting  to  note 
that  heuristics  as  a whole  (f)  account  for  a much  smaller 
sum  of  squares  in  the  analysis  of  variance  than  do  various 
project  characteristics  (parameters)  defined  by  Pascoe. 

The  minor  sort  routine  (g)  used  for  breaking  ties  in 
scheduling  rules  also  accounts  for  a very  limited  sum  of 
squares  in  che  analysis. 

Relatively  few  conclusions  can  be  made  from  Pascoe 's 
study  regarding  the  efficacy  of  scheduling  rules  in  explain- 
ing variation  in  the  duration  of  projects  (Table  4).  The 
effects  of  project  parameters  appear  to  have  more  influence 
in  the  determination  of  the  duration  of  schedules  than  do 
the  heuristic  rules  used  to  determine  them. 

A logical  question  might  be  raised  as  to  whether  the 
values  of  the  project  parameters  outlined  by  Pascoe  are 
indicative  of  the  values  found  in  practical  situations.  If 
they  are  (this  would  need  to  be  determined  through  the 
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TABLE  3 

SORTING  CRITERIA  USED  BY  PASCOE  FOR  RANKING  ACTIVITIES 


1.  ESTART  = Early  Start  Time 


2.  LSTART  = Late  Start  Time 


3.  EFINISH  = Early  Finish  Time 

4.  LFINISH  = Late  Finish  Time 

5.  TF  = Total  Float 

6.  Duration  = d. 

J 

7.  RED  = A measure  giving  high  priority  to  long 

activities  which  require  a high  percentage 
of  the  more  important  resources , the 
important  resources  being  defined  as  those 
resources  which  constrain  a project  from 
being  completed  within  its  critical  path 
completion  time  estimate. 

8.  REDNRED  = A measure  giving  high  priority  to  an 

activity  if  it  immediately  precedes  a 
set  of  activities  with  high  RED's. 

9.  CUMRED  = A measure  which  makes  REDNRED  long  term 

and  includes  all  logically  subsequent 
activities . 

10.  RANDOM  = A measure  which  assigns  priorities  to 
activities  in  a project  at  random. 


Source:  T.  L.  Pascoe,  op.  cit . , pp.  B-7-B-8 
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TABLE  4 

PASCOE'S  ANALYSIS  OF  VARIANCE  FOR  THE  DURATION  OF  PROJECTS 


Source* 

d . f . 

s . s . 

M.S. 

F 

Fa  = 0 . 05 

b* [a ,c ,d ,o] 
bb 

10 

198,016 

19,802 

253.87 

— 

1.85 

f 

10 

\ 

1,232\ 

123 

1.58 

1.85 

g.bg.fg 

15 

32  \ 

2 

0 . 03a 

1.70 

bf 

40 

1,888 

47 

0.063 

1.42 

Residual 

628 

7,138 

11 

0.14a 

1.15 

Within 

cells 

704 

54,871 

78 

Total 



1,407 



263,176 

187 



Source:  T.  L.  Pascoe,  op.  cit.,  p.  C-14 

* Definitions  for  each  of  these  sources  are  found  in  Table 
2 and  on  page  24  of  this  study.  The  block  sources 
b = [a,c,d,o]  are  the  parameters  used  by  Pascoe  for  gen- 
erating projects,  and  the  block-by-block  interactions 
(bb)  are  higher  order  interactions  of  these  parameters 
with  one  another.  These  are  highly  significant  in  the 
analysis  of  variance  (253.87  > 1.85).  The  sorting 
criteria  (heuristics)  used  by  Pascoe  in  ranking  activities 
for  scheduling  (f)  as  well  as  the  minor  sort  routines 
used  in  breaking  ties  (g)  are  insignificant.  The  higher 
order  interactions  of  the  ranking  criteria  with  blocks 
and  with  the  minor  sort  routines  (bf  and  bg,  respectively) 
are  also  insignificant  in  the  analysis  of  variance. 

These  low  variance  ratios  are  highly  unlikely,  and  may 
be  the  result  of  rounding  or  computing  error.  The 
analysis  of  variance  performed  in  this  study  also  gave 
low  variance  ratios  for  several  of  the  insignificant 
sources  of  variation.  These  low  variance  ratios  are 
felt  to  be  the  result  of  rounding  error  in  the  computer. 
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TABLE  5 

PASCOE1 S ANALYSIS  OF  VARIANCE  FOR  THE  PERCENT  UTILIZATION  OF 

FACILITIES  BY  PROJECTS 


Source* 

d.f . 

s . s . 

M.S. 

~~  ~ — 11 1 

F 

Fa=0.05 

b=[a,c,d,o] 

bb 

10 

486,605 

48,661 

108.37 

1.85 

f 

10 

12,373 

1,237 

2.75 

1.85 

g.bg.fg 

15 

272 

18 

0.04 

1.70 

bf 

40 

34,050 

851 

1.90 

1.42 

Residual 

628 

123,476 

197 

0.44 

1.15 

Within 

cells 

704 

316,051 

449 

Total 

1 

1,407 

972,827 

691 

Source:  T.  L.  Pascoe,  op.  cit.,  pp.  C-16. 


* Definitions  for  each  of  these  sources  are  found  in  Table 
2 and  on  page 24  of  this  study.  The  block  sources 
b » [a,c,d,o]  are  the  parameters  used  by  Pascoe  for  gen- 
erating projects,  and  the  block-by-block  interactions 
(bb)  are  higher  Order  interactions  of  the  parameters 
with  one  another.  These  are  highly  significant  in  the 
analysis  of  variance  (108.37  > 1.85).  The  sorting 
criteria  used  by  Pascoe  in  ranking  activities  for 
scheduling  are  also  significant  (2.75  > 1.85).  The  minor 
sort  routines  used  in  breaking  ties  (g)  as  well  as  all 
of  the  remaining  higher  order  interactions  (bg,  fg,  and 
bf)  are  insignificant  in  the  analysis  of  variance. 


statistical  sampling  of  various  projects) , then  means  other 
than  the  heuristic  sorting  routines  used  by  Pascoe  would 
have  to  be  devised  in  order  to  lend  statistical  proof 
to  the  superiority  or  inferiority  of  heuristic  rules. 

The  significance  of  the  scheduling  rules  Pascoe 
considers  becomes  much  more  apparent  when  evaluating  the 
percent  utilization  of  facilities  by  projects  (Table  5). 

This  is  an  indication  that  statistical  ranking  procedures 
may  be  able  to  determine  which  scheduling  rules  give  the 
most  efficient  utilization  of  resources.  These  ranking  pro- 
cedures would  be  a useful  addition  to  Pascoe 's  study.  The 
analysis  only  indicates  that  scheduling  rules  are  significant. 
It  does  not  indicate  which  rule  or  group  of  rules  produces 
schedules  which  result  in  low  faci  _/  .die  time. 

To  further  validate  Pascoe' s work,  one  needs  to 
determine  the  number  of  instances  in  which  a firm  devotes 
all  of  its  resources  to  a single  project.  Of  more  general 
interest  is  the  case  of  multiple  projects  which  compete 
for  the  available  resources  in  the  firm.  Devising  a 
parameterization  scheme  for  project  characteristics  is 
significantly  more  difficult  in  the  multi-project  scheduling 
case,  however. 
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2.3  J.  H.  Mize 

Mize  examines  the  multi-project  scheduling  problem  and, 
like  Pascoe,  uses  simulated  projects.  His  general 
conclusions,  although  not  statistically  assessed,  are 
that : 

The  best  of  the  nine  scheduling  rules 
tested  were  those  which  resolved  local  schedule 
conflicts  in  such  a way  as  to  result  in  minimum 
critical  path  violation.  It  was  also  found  that 
considerable  improvement  could  be  realized  in  the 
schedules  by  employing  two  'gap-closing'  procedures, 
after  the  first  feasible  schedule  was  generated. 14 

Results  of  Mize's  study  are  shown  in  Table  6.  The 
scheduling  rules  he  considers,  because  of  their  length, 
are  included  in  Appendix  A at  the  end  of  this  chapter. 

Although  Mize's  study  considers  mainly  problems  consist- 
ing of  six  projects  each  of  thirty  or  less  activities, 
much  can  be  learned  and  applied  to  the  present  research 
from  the  scheduling  rules  he  examines.  In  the  majority  of 
cases  a rule  which  produces  a schedule  with  low  project 
slippage  simultaneously  schedules  activities  so  that 
facility  idle  time  is  low.  This  tends  to  demonstrate  that 
a different  scheduling  rule  is  not  needed  for  every 
objective;  a small  set  of  rules  may  satisfy  the  majority 
of  project  scheduling  objectives  of  the  firm. 

Statistical  analyses  of  Mize's  results  are  shown  in 

5 1 ■ — — 
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SUMMARY  STATISTICS  FOR  PROJECT  SLIPPAGE  AND  IDLE  FACILITY  TIME 
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Tables  7 and  8.  These  results  were  obtained  by  this  author 
by  performing  a two-way  analysis  of  variance  on  Mize's  data. 
Duncan's  Multiple  Range  Test  was  then  used  to  rank  the 
treatment  means . 

The  statistical  analysis  only  partially  confirms 
Mize's  conclusions.  While  the  three  scheduling  rules  with 
the  lowest  mean  values  do  resolve  local  schedule  conflicts 
in  such  a way  as  to  result  in  minimum  critical  path 
violation,  Duncan's  test  is  unable  to  distinguish  between 
these  three  rules  and  the  first  come,  first  served 
scheduling  rule. 

It  is  somewhat  surprising  that  the  SIO  heuristic 
performs  as  poorly  as  it  does.  It  is  the  highest  ranking 
of  the  twelve  scheduling  rules.  No  apparent  reason 
exists  for  why  the  SIO  rule  does  not  schedule  the  projects 
with  less  slippage.  It  is  perhaps  possible  that  the  projects 
examined  contain  a few  activities  of  relatively  long 
duration  which  cause  the  entire  project  to  be  delayed  a 
significant  amount. 

2.4  R.  M.  Knight 

Knight's  investigation  of  the  multi-project  scheduling 
problem  differs  from  Mize’s  by  using  actual  data  (from  the 
Caterpillar  Tractor  Company);  it  is  similar  in  that  the 


Total 


♦Note  that  treatments  are  highly  significant  in  this  analysis 


TABLE  8 


A vertical  line  enclosing  a group  of  means  indicates 
that  the  means  located  within  the  group  cannot  be 
distinguished  from  one  another  at  the  51  level  of 
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results  are  not  subjected  to  statistical  analysis.  His 
general  conclusions  are  as  follows: 

The  features  of  the  scheduling  rules  dis- 
cussed demonstrate  that  rules  based  on  resource 
usage  by  each  project  are  superior  to  those  bas<$d 
on  project  length  alone.  Significant  results 
also  demonstrate  that  re-scheduling  of  projects 
based  on  resource  conflicts  during  the  first 
feasible  schedule  obtained  can  be  used  to  improve 
the  schedule,  especially  for  the  case  of  widely 
varying  project  characteristics.5 

Knight's  results  appear  in  Table  9. 

Knight's  project  set  F is  the  most  comparable  of  the 

six  sets  to  the  types  o'f  projects  examined  by  Mize.  Although 

project  slippage  (Mize)  and  project  length  (Knight)  are 

not  directly  comparable,  it  is  interesting  to  note  that  Mize 

achieves  his  best  results  using  rules  which  consider  the 

total  float  of  an  activity,  while  Knight  achieves  his  best 

results  using  a rule  which  considers  the  usage  of  resources 

by  a project.  The  discrepancy  may  possibly  be  explained 

by  the  fact  that  Knight  assumes  all  projects  are  linear  in 

nature  and  have  no  parallel  activities.  This  means  there 

is  only  one  path  through  each  network,  so  that  no  activity 

ever  has  any  slack.  Thus  the  results  of  these  two  research 

efforts  are  not  strictly  comparable. 

The  statistical  analysis  of  Knight's  results  shown  in 

5 — — — — 

R.  M.  Knight,  op.  cit. , p.  2 . 
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TABLE  9 

PROJECT  SET  SCHEDULE  LENGTHS 


T 

I 


Project  Set* 

Heuristic** 

SPN 

LPN 

RUR 

RSR 

A 

26 

25 

25 

24 

B 

43 

32 

32 

30 

C 

26 

25 

25 

24 

D 

38 

33 

33 

31 

E 

-i 

34 

1 

34 

30 

28 

F 

40 

38 

33 

28 

Source:  R.  M.  Knight,  op.  cit.,  pp.  45. 

*Project  sets  consist  of  either  ten  or  eleven  projects 
with  varying  characteristics.  Project  Set  F is  the  only  set 
with  both  varying  length  projects  and  varying  resource  usage. 

**SPN  ■ Shortest  Project  Next 
LPN  » Longest  Project  Next 
RUR  * Resource  Utilization  Ranking 

RSR  » Resource  Slack  Ranking  (A  schedule  is  determined  using 
this  heuristic  only  after  RUR  has  first  been  applied.) 


J 


35 


Tables  30  and  11  do  support  his  conclusions.  Duncan's 
multiple  range  test  is,  however,  unable  to  distinguish 
between  his  best  scheduling  rules,  RUR  and  RSR. 

It  is  somewhat  encouraging  that  Knight's  and  Mize's 
data  lend  statistical  support  to  the  hypothesis  that 
the  methods  of  determining  schedules  significantly  affect 
various  indices  of  organizational  performance.  This  seems 
to  indicate  that  an  investigation  of  heuristic  rules  for 
scheduling  multiple  projects  is  more  likely  to  lead  to 
significant  results  than  Pascoe's  study  indicates. 

Other  literature  on  multi-project  scheduling  has  the 

same  format  as  the  studies  of  Mize  and  Knight- -a  set  of 

scheduling  rules  is  applied  to  a set  of  projects  and  the 

rules  which  satisfy  some  criterion  are  deemed  better  than 
6 

others.  In  all  instances,  no  statistical  assessment  of 
the  scheduling  ability  of  the  rules  is  given;  some  rules 
perform  better  in  a majority  of  cases  and  so  are  deemed 
superior  rules. 

This  points  to  the  need  for  determining  which  of  the 

E — 

See  for  example  the  study  by  J.  D.  Brand,  et  al . , 

"The  Resource  Scheduling  Problem  in  Construction,"  Civil 
Engineering  Studies , Report  No.  5,  Urbana,  Illinois: 

Department  of  Civil  Engineering,  University  of  Illinois,  1964. 
and  the  text  by  R.  L.  Martino,  Project  Management  and  Control: 
Vol.  IIIt  Allocating  and  Scheduling  Resources , New  York: 
American  Management  Association,  1965. 
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TABLE  10 

ANALYSIS  OF  VARIANCE  FOR  KNIGHT’S  PROJECT  SCHEDULE  LENGTHS 


Source 

i 

d.f. 

i—  — 

S.S. 

i 

i 

M.S . 

F 

Fa=0.01 

Treatments 

! 3 

156 

52 

8.33 

5.42 

Blocks 

5 

416 

83 

13.34 

4.56 

Error 

15 

93 

6 

Total 

23 

665 

TABLE  11 

MULTIPLE  RANGE  TEST  FOR  KNIGHT'S  PROJECT  SCHEDULE  LENGTHS 


Significance 

Treatment 

Mean 

SPN 

34.5 

LPN 

31.2 

1 i ; 

r ;*  r :rur 

..  _ ..  -KSR 

29.7 

27.5 

A vertical  line  enclosing  a group  of  means  indicates 
that  the  means  located  within  the  group  cannot  be 
distinguished  from  one  another  at  the  5%  level  of 
significance . 
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available  scheduling  rules  can  be  statistically  described 
as  being  able  to  satisfy  certain  project  scheduling 
objectives.  Given  a set  of  heuristics  which  have  these 
proven  abilities,  one  is  more  likely  to  construct  effective 
scheduling  algorithms. 
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APPENDIX  A 

MIZE'S  HEURISTIC  SCHEDULING  RULES 

1.  The  first  decision  rule  resolves  local  schedule  conflicts 
according  to  the  lowest  EFT  discipline.  Ties  are  broken 

by  the  lowest  float  time  discipline. 

2.  The  second  decision  rule  begins  by  generating  a 
feasible  schedule  using  the  lowest  EFT  discipline.  An 
attempt  is  then  made  to  improve  this  schedule  by  a gap- 
closing procedure. 

3.  Decision  rule  3 begins  by  scheduling  activities 
according  to  the  lowest  EFT  discipline.  It  then  attempts 
to  improve  the  schedule  by  sequencing  all  jobs  leading 
into  an  event  to  be  completed  at  the  largest  completion 
time  among  all  of  the  jobs  (if  such  movement  does  not 
create  a schedule  conflict) . An  attempt  is  then  made  to 
apply  gap-closing  procedures  to  the  schedule. 

4.  Decision  rule  4 begins  by  calling  the  logic  of  the 
LBOUND  routine  into  action.  (The  L BOUND  is  the  minimum 
amount  of  slippage  a particular  project  can  experience 
without  causing  some  other  project  to  be  penalized).  Decision 
rule  4 assigns  higher  priorities  to  projects  with 

smaller  LBOUNDS.  The  rule  next  returns  all  facility 
queues  to  their  original  states  and  resolves  conflict  sets 
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according  to  the  priorities  discussed  above.  An  attempt 
is  then  made  to  improve  the  schedule  as  described  in  Rule 
3. 

5.  Decision  rule  5 is  the  same  as  rule  4 except 

that  facility  queues  are  not  returned  to  their  original 
statuses.  This  is  an  attempt  to  begin  the  scheduling 
process  with  jobs  as  near  as  possible  to  the  "best" 
positions  for  them  in  their  respective  queues.  These  are 
the  positions  at  which  the  LBOUND  values  are  obtained. 

6.  Decision  rule  6 begins  by  calling  LBOUND  and  establish- 
ing project  priorities.  However,  this  rule  also  gives 
consideration  to  the  criticality  of  each  job  involved  in 

a conflict  set.  Criticalness  is  measured  by  the  amount  of 
float  a particular  job  possesses  at  the  time  of  conflict. 

The  logic  is  as  follows: 

1.  If  two  jobs  are  in  conflict  and  both  are  critical 
(i.e.,  both  have  zero  or  negative  slack  time  available)  use 
project  lower  bound  priorities  to  resolve  the  conflict. 

2.  If  two  jobs  are  in  conflict  and  neither  are  critical 
(i.e.,  both  have  positive  slack  time  available),  use  project 
lower  bound  priorities  to  resolve  the  conflict. 

3.  If  two  jobs  are  in  conflict,  one  being  a critical 
job  and  the  other  a non-critical  job,  schedule  the  critical 
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job  first  and  the  non-critical  job  second. 

An  attempt  is  then  made  to  improve  the  schedule  as  in 
rule  4. 

7.  Decision  rule  7 resolves  local  schedule  conflicts  to 
minimize  violation  of  critical  paths.  When  a conflict  set 
is  encountered,  rule  7 examines  all  feasible  resolutions  of 
the  conflict  and  notes  the  total  amount  of  exceeded  Latest 
Finish  Time  resulting  from  each  resolution.  That  resolution 
having  the  lowest  such  value  is  selected  as  best  and  the 
jobs  are  ordered  accordingly.  After  facility  queues  are 
disturbed  by  the  resolution  of  conflicts  in  other 
facilities,  they  are  rearranged  according  to  the  EFT 
discipline,  i.e.,  lowest  EFT  first,  next  lowest  EFT  second, 
etc.  The  two-stage  process  of  highest  EFT  conformity  and 
gap-closing  procedure  as  described  in  rules  3 and  4 is 
employed  as  a final  attempt  to  improve  the  obtained 
schedule . 

8.  Decision  rule  8 is  identical  to  rule  7 except  that  it 
uses  the  lowest  EST  discipline  in  rearranging  facility 
queues  after  they  have  been  disturbed  by  conflict 
resolutions  in  other  facilities. 

9.  Decision  rule  9 begins  by  calling  LBOUND  into  action. 
LBOUND  computes  lower  bound  values  by  determining  the  best 


arrangement  of  jobs  within  each  facility,  disregarding 
between-facility  interaction.  Decision  rule  9 leaves  the 
jobs  in  the  positions  determined  by  L BOUND  and  then  operates 
exactly  as  rule  7. 

Decision  rules  10  through  12  are  single  attribute 
decision  rules. 

10.  Shortest  operation  first- -when  a schedule  conflict  is 
encountered  involving  two  consecutive  jobs  in  a facility 
queue,  always  perform  first  the  job  whose  expected 
operation  time  is  smaller.  This  rule  has  received  the  most 
research  attention  as  reported  in  the  literature  and  has 
been  shown  to  be  optimum  for  the  trivial  case  of  a single 
machine  or  facility,  and  a given  set  of  jobs. 

11.  First  come,  first  served--when  a schedule  conflict  is 
encountered,  perform  first  the  job  with  the  smallest 
original  EST  value. 

12.  Longest  remaining  network  time --when  a conflict  is 
encountered  perform  first  the  job  which  is  farthest  (in 
time)  from  the  end  of  the  project  network  to  which  it  belong 
Although  this  is  considered  an  "advanced"  rule,  it  is  still 
a simple  one  since  it  considers  only  one  attribute  of  jobs 
in  schedule  conflicts. 


CHAPTER  3 


ORGANIZATIONAL  SETTING  AND  ASSUMPTIONS  OF  THE 
SCHEDULING  MODEL 

3.1  Description  of  Research  and  Development  Operations 
Data  based  on  an  actual  scheduling  problem  at  the 
Research  and  Development  Department  of  the  U.S.  Naval 
Ammunition  Depot,  Crane,  Indiana,  is  used  in  the  present 
study.  The  use  of  this  data  provides  a more  realistic 
challenge  to  the  scheduling  rules  than  the  alternative  of 
generating  fictitious  projects  on  a computer.  A network 
diagram  showing  the  sequence  of  activities  of  a typical 
project  in  this  R§D  organization  is  presented  in  Figure  4. 

Each  project  consists  of  approximately  six  distinct 
stages,  the  number  of  stages  fluctuating  because  of  a 
product  or  test  failure  within  a stage  or  because  of  prior 
development  work  in  a component  item.  Within  each  stage, 
many  items  are  manufactured  and  then  tested.  Depending 
upon  the  results  of  this  testing,  the  entire  stage  is 
either  repeated  or  the  product  moves  to  the  next  stage 
for  further  developmental  work.  In  the  final  stage,  a 
report  is  issued  either  to  release  the  item  for  production 
or  to  recommend  that  it  not  be  produced. 
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The  assignment  of  resources  to  a particular  activity 
in  this  organization  is  complicated  by  two  factors. 

First,  approximately  thirty-four  projects  simultaneously 
compete  for  the  resources  available.  This  makes  the 
problem  of  resource  assignment  more  difficult  because 
the  effect  of  a delay  on  both  the  activity  and  the  project 
must  be  considered.  A delay  in  one  activity  could  possibly 
affect  thirty-four  different  projects. 

This  scheduling  situation  is  also  complicated  by  the 
fact  that  many  of  the  projects  compete  for  the  services  of 
the  organization's  job  shop.  The  scheduling  of  projects 
must  then  be  concerned  with  the  effects  of  project 
scheduling  on  imbedded  job  shop  efficiency.  This  is  why 
the  SIO  rule  is  included  in  the  analysis.  It  is  possible 
that  a heuristic  which  has  performed  well  in  a job  shop 
environment  will  perform  well  in  scheduling  projects  which 
consist  partially  of  activities  which  demand  job  shop 
services . 

Figures  5 and  6 and  Table  12  show  the  distribution 
of  selected  project  parameters  of  the  projects  considered. 
These  projects  represent  all  the  work  performed  by  this 
organization  over  an  eight  month  period,  the  length  of  time 
for  which  data  is  available.  If  a total  project  cannot  be 
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CATEGORIES  OF  RESOURCES  DEMANOEO 

Figure  5:  Distribution  of  Categories  of  Different 

Resources  Demanded  by  Each  Activity 


Figure  6:  Distribution  of  Project  Complexity * 


'COMPLEX  I TV  16  EQUAL  TO  THE  NUMBER  OF  NOOES  (n)  IN 
A PROJECT  OIVIOEO  BV  THE  NUMBER  OF  ARCS  (m).  IN  THE 
RCLATEO  JOB  SHOP  PROBLEM,  THE  COMPLEXITY  IS  ALWAYS 
EQUAL  TO  N/(N-1). 
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TABLE  12 


CHARACTERISTICS  OF  PROJECTS  SCHEDULED 


Project 

Number 

Number  of 
Activities 
In  Project 

Total 
Man  Days 
Required 

| 

i - 

Expected 
Length 
(In  Days) 

1 

1 

! 

24  ! 

1125 

136 

2 

ii  ; 

728 

105 

3 

22 

639 

90 

4 

I 12  i 

365 

54 

S 

15 

153 

91 

6 

13 

89 

54 

7 

15 

317 

101 

8 

j 13 

447 

99 

9 

7 

129 

93 

10 

22 

393 

90 

11 

! 17 

393 

96 

12  i 

12 

! in 

72 

13  i 

i 10 

| 297 

45 

14 

17 

1 512 

81 

IS  | 

1 7 

255 

70 

16 

1 io 

2278 

153 

17 

i 16 

‘ 280 

70 

18 

25 

355 

81 

19 

14 

356 

104 

20 

14 

113 

55 

21 

6 

109  . 

46 

22 

i 15 

402 

76 

23 

12 

274 

52 

24 

18 

527 

96 

25 

29 

201 

42 

26 

25 

i 2315 

159 

27 

19 

; 341 

97 

28 

26 

382 

113 

29 

30 

! 965 

! 105 

30 

24 

382 

j 156 

31 

13 

259 

80 

32 

20 

1 151 

65 

33 

i 19 

717 

134 

34 

28 

1 462 

103 

1 


47 


technologically  completed  within  the  eight -month  period, 
only  the  portion  which  can  be  completed  is  considered. 

Note  that  project  complexity  is  here  defined  differently 
from  Pascoe's  definition  because  of  the  activity  orientation 
used  in  this  study. 

The  data  used  in  this  study  is  not  meant  to  be  repre- 
sentative of  every  project  scheduling  situation.  The  primary 
interest  here  is  in  examining  how  different  scheduling 
rules  affect  the  performance  criteria  discussed  in  Chapter 
4.  Only  by  the  sampling  of  heuristic  rules  and  the  applica- 
tion of  these  rules  to  a variety  of  actual  scheduling  problems 
can  it  be  seen  how  the  rules  affect  performance  criteria. 

The  present  study  considers  a sample  of  a particular  class 
of  scheduling  problems,  but  it  is  recognized  that  additional 
samples  will  have  to  be  taken  from  other  scheduling  situ- 
ations in  order  to  increase  the  inference  space  of  con- 
clusions to  a universe  of  project  sets. 

3.2  Assumptions  of  the  Scheduling  Models 

The  following  assumptions  are  necessary  for  applying 
the  scheduling  rules  discussed  in  section  4.1  to  the  project 
set  described  in  section  3.1.  The  assumptions  made  when 
addressing  a problem  of  the  magnitude  considered  in  this 
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study  are  based  on  real  world  or  practical  scheduling 
considerations  and  limits  on  computer  hardware/software 
availability.  Of  all  assumptions  listed,  the  first  two 
are  felt  to  be  the  most  restrictive  for  the  problem 
considered. 

l 

1.  No  interruptions  of  jobs  are  allowed;  once  a job 
is  begun,  it  must  be  continued  to  completion.  This  require- 
ment prevents  haphazard  scheduling  of  jobs  at  arbitrary  time 
periods  throughout  the  schedule.  For  the  projects  examined 
in  this  study,  the  assumption  is  valid  with  the  exception  of 
a few  of  the  engineering  and  drafting  jobs.  Most  operations 
must,  however,  be  completed  once  begun.  For  the  operations 
that  can  be  split,  it  is  necessary  to  estimate  the  time  and 
resources  required  as  separate  component  jobs.  This  has  been 
done  for  those  engineering  and  drafting  jobs  mentioned  and 
constitutes  a relaxation  of  the  no  interruption  assumption. 

2.  Resources  must  be  used  by  an  activity  at  a constant 
rate.  Relaxation  of  this  assumption  can  be  accomplished 

by  dividing  a job  into  component  jobs  that  require  dif- 
fering resource  amounts.  (Future  research  is  directed  toward 
establishing  any  bias  introduced  by  the  assumption  of  a 
fixed  resource  usage  rate.) 

1 

Supra , fn.  4,  chap.  1,  p.  2. 
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3.  Man  power  and  resources  are  assumed  synonymous. 

That  is,  if  an  activity  is  assigned  a certain  type  of 
man  power,  it  is  assumed  that  the  men  have  the  equipment 
available  to  perform  the  task.  This  assumption  is  valid 
in  a variety  of  R5D  organizations  where  man  power  is  the 
limiting  resource,  and  equipment  is  available  as  needed. 

4.  Resources  are  assumed  to  be  available  at  a constant 
rate  throughout  the  length  of  a schedule.  This  assumption 
is  inherent  in  resource  constrained  scheduling  problems 

and  is  valid  for  the  problem  considered.  RfjD  organizations 
are  frequently  reluctant  to  dismiss  workers  and  generally  are 
unable  (except  through  overtime)  to  supplement  the  work 
force  because  of  the  specialization  of  work  they  perform. 

5.  The  duration  of  an  activity  is  assumed  to  be  known 
with  certainty.  Although  numerous  network-based  scheduling 
techniques  use  probability  estimates  for  job  durations,  the 
assumptions  underlying  the  use  and  interpretation  of  these 

estimates  limit  the  extent  to  which  they  can  be  applied 

2 

in  scheduling  projects.  In  addition,  Muth  has  shown  in 


5 ' 

See  for  example  the  article  by  Frank  E.  Grubbs, 

"Attempts  to  Validate  Certain  PERT  Statistics  or  'Picking 
on  PERT,"’  Operations  Research,  Vol.  10,  No.  6,  (November- 
December  1962),  pp.  912-915  or  the  article  by  Richard  M. 
Van  Slyke,  "Monte  Carlo  Methods  and  the  PERT  Problem", 
Operations  Research , Vol.  11,  No.  5,  (September-October 
1963),  pp.  839-851. 
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a related  job  shop  scheduling  problem  that  the  scheduling 

procedures  developed  are  rather  insensitive  to  moderately 

3 

large  errors  in  estimated  job  times. 

6.  Any  set-up  or  transport  times  are  included  in  the 
duration  of  the  job.  This  assumption  is  very  reasonable 
and  can  be  included  in  the  definition  of  a job's  duration 
when  estimating  time  and  resource  requirements . 


3 — — 

J.  F.  Muth  and  G.  L.  Thompson,  (eds.),  Industrial 
Scheduling , New  Jersey:  Prentice-Hall,  Inc.,  1963, 

Chapter  18. 


CHAPTER  4 

.»• 

DESCRIPTION  OF  SCHEDULING  RULES  AND  PERFORMANCE  CRITERIA 


4.1  Scheduling  Rules  Examined 

A variety  of  heuristic  scheduling  rules  for  multi- 
project problems  can  be  found  in  the  literature.  The 

1 . 2 

studies  of  Mize  and  Knight  give  only  a sampling  of  the 
number  available.  Thus  it  is  imperative  that  some  scheme 
be  developed  for  classifying  the  available  rules;  once 
classified,  samples  from  each  group  can  then  be  taken 
and  applied  to  the  multi-project  scheduling  problem,  with 
the  classification  scheme  giving  some  assurance  that  the 
population  of  available  heuristics  has  been  adequately 
sampled. 

Attempts  by  this  author  to  classify  scheduling 
rules  into  homogeneous  units  led  to  the  following  con- 
clusions : 

1.  Numerous  scheduling  rules  are  based  upon  a well- 
defined  objective,  such  a:  minimizing  the  completion  time 


for  all  projects  or  maximizing  the  utilization  of  employed 
resources . 

2.  Other  scheduling  rules  relate  to  a characteristic 
of  the  project  set  or  the  activities  comprising  the 
project  sets.  For  example,  longest  project  next  assigns 
resources  to  the  activity  of  the  project  having  the  longest 
expected  span;  any  remaining  activities  are  scheduled  only 
if  resources  permit. 

3.  Some  scheduling  rules  do  not  relate  to  an  objective 
function  or  to  a characteristic  of  a project  set,  but 
rather  use  other  scheduling  rules  as  a basis  on  which  to 
build.  Switch  activities  at  random  in  the  order  in  which 
they  are  considered  for  resource  assignment  when  they  tie 

on  another  priority  is  an  example  of  such  a scheduling  rule. 

4.  Finally,  some  scheduling  rules  base  their  rationale 
on  learning  from  knowledge  gained  in  previous  scheduling 
efforts,  and  thus  are  applied  only  after  another  scheduling 
rule  has  been  tried.  Reschedule  based  on  resource  conflicts 
exhibited  in  the  first  feasible  schedule  is  an  example  of 
such  a rule. 

In  addition  to  classifying  scheduling  rules,  the  actual 
scheduling  of  various  projects  using  heuristic  methods  gives 
an  indication  of  the  scheduling  ability  and  interaction 
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effects  of  many  of  the  rules  available.  For  example,  in 
repeated  attempts  to  solve  a project  scheduling  problem 

3 4 

posed  by  Martino  which  does  have  a known  optimum  solution, 
this  author  found  that  three  heuristics- -one  based  on  usage 
of  total  resources,  one  based  on  the  resources  required 
by  an  activity,1  and  one  based  on  randomness  - -are  necessary 
if  one  is  to  obtain  the  optimum  solution.  Problem  solving 
experiences  such  as  this  one  point  up  heuristic  scheduling 
rules  that  seem  to  be  good  (1)  from  an  intuitive  viewpoint 
and  (2)  from  the  resulting  solutions  when  the  heuristics  are 
applied  to  different  project  scheduling  problems. 

Based  on  a survey  of  scheduling  rules  employed 
in  the  literature,  a method  of  classifying  these  rules 
for  adequate  sampling,  and  this  author's  computational 
experience,  the  following  heuristic  scheduling  rules 
will  be  evaluated  on  their  ability  to  schedule  multiple 
projects  occurring  simultaneously  within  a firm.  All 

3 

R.  L.  Martino,  Project  Management  and  Control: 

Vol.  Jilt  Allocating  and  Scheduling  Resources , New  York: 
American  Management  Association,  1965. 

4 

The  critical  path  length  for  this  project  is  19  days 
and  the  project  can  be  accomplished  with  as  few  as  8 men 
in  a 19-day  period.  Because  the  project  can  be  completed 
in  19  days  with  no  variation  in  resource  usage  and  no  idle 
resource  time,  it  is  considered  optimum. 
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TABLE  13 

I 

SCHEDULING  RULES  EXAMINED  IN  THIS  STUDY 


i 

Abbreviation  | 

1 

Title 

Basis  for  Inclusion 

LTF 

Least  Total  Float 

Take  advantage  of  slack 
present  in  an  activity 

GTRD 

Greatest  Total 
Resource  Demand 

Schedule  potential 
bottleneck  activities 

GRRD 

Greatest  Remaining 
Resource  Demand 

Look-ahead  further  than 
the  current  activity 
in  scheduling  potential 
bottleneck  activities 

SIO 

! 

Shortest  Imminent 
Operation 

1 

Process  as  many  jobs 
through  the  system 
as  rapidly  as  is 
possible 

GRU 

Greatest  Resource 
Usage 

Schedule  all  resources 
that  can  be  scheduled 
during  a time  interval 

RAN 

Randomness 

1 

Add  an  element  of  chanc< 
in  the  assignment  of 
resources  to  an  activit; 

RES 

Reschedule 

Reschedule  activities 
on  the  basis  of 
resources  that  had  the 
l least  idle  time  in  the 

first  schedule 
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rules  are  applied  in  conjunction  with  the  parallel  method 
of  scheduling.  All  rules  refer  to  the  choosing  of  one 
activity  over  another  for  resource  assignment  at  some 
point  in  time  because  of  a higher  (or  lower)  value  of 
a priority  or  other  index  associated  with  the  activity. 


1.  Least  Total  Float  (LTF) 

Schedule  the  activities  on  the  basis  of  total  float, 
those  with  the  least  total  float  being  considered  first. 
Mize's  results  suggest  that  a rule  which  results  in  minimum 
critical  path  violation  produces  shorter  duration  schedules 
than  do  many  other  scheduling  methods. 


2.  Greatest  Total  Resource  Demand  (GTRD) 

Schedule  each  activity  on  the  basis  of  the  total 
resources  demanded  by  that  activity,  that  with  the  greatest 
usage  of  resources  being  scheduled  first.  The  rationale 
behind  this  rule  lies  in  scheduling  potential  bottleneck 

activities  because  of  the  high  usage  of  varied  resources 

5 

In  the  parallel  approach  to  project  scheduling,  one 
time  interval  is  considered  and  all  the  activities  that  can 
be  scheduled  during  this  time  interval  are  scheduled.  Time 
is  then  advanced  by  one  unit  and  all  activities  that  can  be 
scheduled  during  the  current  time  interval  are  considered, 
etc.,  until  a feasible  schedule  has  been  developed. 


r 
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the  activity  consumes.  The  priority  index  for  an  activity 
is  calculated  as  follows: 


i=l 


r . . *d. 
iJ  J 


3.  Greatest  Remaining  Resource  Demand  (GRRD) 

Schedule  the  activities  on  the  basis  of  the  total 
remaining  man-hours  (resources)  of  work  required  on  the 
project,  those  with  the  greatest  remaining  man-hours 
being  scheduled  first.  This  rule  is  related  to  many 
of  the  look-ahead  rules  receiving  attention  in  the 
literature  today.  It  attempts  to  look  ahead  further  than 
the  current  activity  in  locating  potential  bottlenecks. 

It  is  an  extension  of  GTRD  and  changes  values  dynamically 
throughout  the  development  of  a schedule.  Activity 
priority  is  calculated  as  follows: 


l [E  r . . ] *d . 

a . £0  i-1  ^ J 

J m 


4.  Shortest  Imminent  Operation  (SIO) 

Schedule  the  activities  on  the  basis  of  the  duration 


of  the  activity,  those  with  the  shortest  duration  being 
scheduled  first.  This  is  analogous  to  the  SIO  rule  of 
the  job  shop.  The  rationale  behind  this  rule  is  to  get  as 
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many  jobs  (activities)  through  the  systo  as  short  a 
length  of  time  as  possible. 

5.  Greatest  Resource  Utilization  (GRU) 

Schedule  the  activities  at  time  t so  that  the  maximum 
available  man  power  at  time  t is  utilized,  given  the 
constraints  imposed  by  the  resources  available  and  the 
resources  required  per  activity.  This  rule  can  be  formulated 
and  solved  as  a zero-one  integer  programming  problem  as  fol- 
lows, where  x_.  * 1 if  a:  is  in  solution,  and  0 if  it  is  not: 

max  £ c.x. 

j J J 

s . t . R x < b1 

Xj  - 0,1 

The  rationale  behind  this  rule  is  that  to  an  extent, 
project  completion  dates  should  be  minimized  if  resources 
are  fully  employed.  There  is  also  the  behavioral  rationale 
that  man  power  is  usually  more  productive  and  more  satisifed 
during  periods  of  low  idle  time. 

The  application  of  this  rule  demonstrates  two 
important  points.  First,  heuristic  scheduling  rules  are 
not  always  based  solely  on  a priority  index  for  an  activity 
and  subsequently  cannot  be  implemented  simply  through 
sorting  routines.  Second,  although  heuristic  rules  are  based 
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on  intuitive  rules -of -thumb , the  application  of  these  rules 
often  requires  a greater  level  of  sophistication  than  that 
necessary  for  formulating  them.  Simple  heuristics  often 
require  the  tools  of  mathematical  programming  to  institute 
their  logic. 

6.  Randomness  (RAN) 

If  any  activities  which  are  candidates  for  scheduling 

during  the  current  time  interval  tie  on  any  given  scheduling 

rule,  switch  them  at  random  in  the  order  in  which  they  are 

considered  for  resource  assignment.  Of  course,  the  rule 

is  never  applied  by  itself.  Despite  the  simplicity  of 

6 

randomness,  attempts  by  this  author  and  others  to  solve 
certain  project  scheduling  problems  without  it  have  been 
unsuccessful . 

In  this  rule,  a list  of  candidate  activities  is 
searched,  and  if  any  two,  three,  four,  etc.,  tie  on  any 
given  rule,  a random  number  or  a string  of  random  numbers 
is  drawn.  If  a random  number  is  less  than  0.05,  the 
corresponding  activities  are  switched  in  their  order  for 

— - — g ■ ■ 

J.  D.  Weist,  "A  Heuristic  Model  for  Scheduling  Large 
Projects  w dth  Limited  Resources,"  Management  Science , Vol . 
13,  No.  6,  (February  1967),  p.  368. 
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consideration  of  resource  assignment;  if  a random  number 
is  greater  than  or  equal  to  0.05,  the  activities  remain 
in  their  previous  sorted  order. 

7.  Reschedule  (RES) 

Determine  which  class  or  category  of  resource  had  the 
least  total  amount  of  idle  time  in  the  first  feasible 
schedule.  Develop  a new  feasible  schedule  using  the  amount 
of  this  resource  required  by  each  activity  multiplied  by 
the  duration  of  that  activity  as  the  new  scheduling  priority. 
Denote  this  tight  resource  by  r^'.  Then  the  index  for 
reschedule  becomes: 


Many  researchers  claim  that  improvements  can  be 
made  in  schedules  either  by  rescheduling  on  the  basis  of 

a resource  that  caused  more  delays  in  activities  in  the 

| 

first  schedule  than  did  other  resources  or  else  by  including 
provisions  for  gap-closing  by  rescheduling  those  activities 
that  are  scheduled  to  start  before  their  technological 
late  start  time  (LST) . The  reschedule  feature  used  in  this 
research  is  representative  of  the  former  reschedule  routine. 


60 


F 

| 

4.2  Methods  of  Evaluating  System  Performance 

There  is  admittedly  a large  number  of  criteria  that 
can  be  evaluated  in  assessing  the  efficacy  of  the  heuristic 
scheduling  rules  described  in  section  4.1.  In  limiting 
the  number  of  them  actually  examined,  one  must  consider 
(1)  criteria  that  seem  reasonable  to  the  firm  and  (2) 
criteria  that  have  been  evaluated  in  previous  research 
efforts,  in  order  that  comparisons  can  be  made. 

In  addition  to  evaluating  the  system  performance,  one 
is  usually  interested  in  the  cost  or  the  price  paid  for  the 
system  by  the  firm.  In  this  case,  the  cost  is  the  price 
paid  (in  computer  time)  for  developing  the  different 
schedules.  One  large  benefit  derived  from  using  heuristic 
solution  methods  over  strict  mathematical  programming 
routines  is  the  ability  to  generate  solutions  rapidly 
and  therefore  inexpensively.  Using  heuristic  techniques 
enables  one  to  assess  the  effects  of  a change  in  assumptions 
or  a change  in  input  parameters  on  the  system  at  a relatively 
low  cost  when  compared  to  the  cost  of  a guaranteed 
optimum  solution  (when  one  is  available  using  mathematical 
programming  methods) . 

In  light  of  the  above  considerations,  the  following 


factors  will  be  used  to  assess  the  efficacy  of  the 
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scheduling  rules  and  scheduling  programs  (combinations 
of  scheduling  rules)  considered  in  this  research. 

1.  Total  Slippage 

For  each  scheduling  rule  and  combination  of  rules  used 
in  developing  a schedule,  evaluate  the  delay  beyond 
critical  path  completion  time  estimates  for  all  projects 
considered . 

It  is  doubtful  that  many  of  the  projects  considered 
in  a resource  constrained  scheduling  problem  will  be 
completed  within  the  critical  path  completion  time  estimate. 
This  slippage  measure  does,  however,  give  an  indication 
of  the  project  slippage  due  to  resource  availability  and 
the  scheduling  rules  employed  (with  comparisons  between 
rules  possible  by  holding  resources  constant) . 

2.  Weighted  Total  Slippage 

This  criterion  is  similar  to  the  above,  except 
that  project  slippage  is  weighted  by  the  total  resources 
demanded  by  a project.  This  measure  places  additional 
emphasis  on  the  seriousness  of  a delay  in  the  larger 
projects . 
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3.  Total  Resource  Idle  Time 

Evaluate  for  all  schedules  developed  the  amount  of 
time  that  resources  were  idle  during  the  completion  of  that 
schedule.  This  measure  indicates  the  amount  of  time 
resource  groups  were  not  actively  working  on  a project  due 
to  the  unavailability  of  direct  project  work  which  in  turn 
is  a result  of  the  scheduling  method  employed. 

4.  Computer  Processing  Time 

Evaluate  the  computer  processing  time  expended  in 
developing  each  schedule.  This  measure  is  an  indication  to 
management  of  the  expense  of  using  the  scheduling  rules 
either  singly  or  in  combination  with  one  another. 


CHAPTER  5 


DESCRIPTION  OF  MPSP  MULTI-PROJECT  SCHEDULING  PROGRAM 
5.1  Introduction 

Because  of  the  magnitude  of  the  problem  considered  in 
this  research,  it  is  necessary  to  develop  a computer  program 
to  implement  the  scheduling  rules  of  Chapter  4.  This 
chapter  discusses  the  computational  aspects  of  such  a program 
and  designates  the  size  of  problems  that  it  is  set  up  to 
handle . 

The  program  is  called  MPSP,  an  acronym  for  Multi-Project 
Scheduling  Program.  Two  versions  of  MPSP  have  been  developed; 
the  size  of  core  memory  available  determines  which  version 
should  be  utilized.  The  simplest  version  implements  all 
scheduling  rules  except  Greatest  Resource  Utilization  and  is 
suitable  for  use  on  a 32K  word  machine.  The  second  version 
implements  all  scheduling  rules  and  requires  a minimum  of 
64K  words.  The  difference  in  memory  requirements  between  the 
two  versions  is  a result  of  whether  or  not  a zero-one  integer 
programming  code  necessary  for  implementing  the  Greatest 
Resource  Utilization  heuristic  is  present. 

The  program  can  handle  scheduling  problems  consisting 
of  thirty-nine  projects  with  as  many  as  forty  activities  per 
project.  In  addition,  thirteen  different  resource  groups  can 


be  utilized  by  each  activity.  There  is  practically  no  limit 
to  the  number  of  time  periods  that  can  be  handled  by  the 
code . 

MPSP  is  written  in  FORTRAN  IV  for  several  reasons:  the 
author  is  most  familiar  with  this  language;  it  is  one  of  the 
most  flexible  languages;  and  it  is  available  on  most  com- 
puters. The  program  is  organized  in  modular  form  with  a 
main  scheduling  program  and  several  subroutines.  The  modular 
form  of  the  program  enhances  flexibility  in  such  aspects  as 
the  ability  to  augment  dr  change  the  scheduling  rules  con- 
sidered. Such  a form  also  makes  it  easier  to  detect  errors 
when  building  or  running  the  program. 

MPSP  has  been  run  on  both  the  Control  Data  3600 
and  the  6600  computers.  Minor  modifications  can  make  it 
available  for  other  machines.  Chapter  6 will  discuss  the 
computer  processing  times  required  for  implementing  the 
scheduling  rules  considered.  These  times  will,  of  course, 
have  to  be  appropriately  adjusted  if  the  code  is  run  on  a 
different  computer. 

5.2  Structure  of  MPSP 

MPSP  is  structured  around  a main  ASSIGN  routine  that 
receives  a list  of  ranked  activities  which  technologically 
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can  be  scheduled  during  the  current  time  interval.  The 
ASSIGN  routine  then  considers  the  activities  in  the  order 
in  which  they  were  received  and  assigns  scheduled  start  and 
finish  dates  to  the  activities  using  the  resources  currently 
available.  Those  activities  not  scheduled  during  the 
current  time  interval  are  postponed  until  the  next 
scheduling  interval  where  they  once  again  compete  with  other 
activities  for  available  resources. 

The  ASSIGN  routine  is  a variable  time  increment 
model.  In  this  model ,-a^group  of  activities  is  scheduled, 
and  time  is  then  advanced  in  days  to  a point  where  resources 
become  available.  This  point  in  time  is  computed  by  finding 
the  minimum  assigned  scheduled  finish  time  of  all  activities 
currently  being  completed.  This  is  the  earliest  that 
resources  will  be  freed  from  ongoing  activities  to  work  on 
the  activities  not  yet  scheduled. 

The  list  of  activities  that  is  passed  from  the  ASSIGN 
routine  to  various  subroutines  and  back  is  appropriately 
called  a decision  set.  The  subroutines  involved  determine 
which  activities  receive  priority  over  other  activities  by 
instituting  the  logic  of  the  scheduling  heuristic.  Those 
activities  with  the  higher  priority  are  consequently  placed 
first  in  the  decision  set.  For  example,  if  the  activities 
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possessing  the  least  total  float  are  to  be  scheduled  first, 
the  appropriate  subroutine  passes  the  decision  set  back  to 
the  ASSIGN  routine  in  increasing  order  of  least  total  float. 

The  ASSIGN  routine  then  schedules  all  activities  in  the 
decision  set  that  can  be  scheduled  with  the  resources 
available . 

This  decision  set  is  composed  of  (i,j)  pairs  denoting 
the  project  number  and  activity  number  of  the  activities 
that  can  be  scheduled.  These  (i,j)  pairs  are  stored  in  the 
arrays  ISET  and  ISET1  respectively  and  are  shown  in  Figures 
8 and  9. 

An  EVENT  array  is  common  to  the  main  ASSIGN  routine 
and  all  subroutines.  It  contains  all  of  the  information 
relevant  to  an  activity- -the  EST,  EFT,  resource  requirements, 
assigned  scheduled  start  and  finish  times,  etc.  In  addition, 
the  EVENT  array  stores  various  indices  that  are  used  in 
determining  activity  priority.  For  example,  a ranking  by 
least  total  float  is  accomplished  by  interchanging  EVENT (I , J , 10) 
with  EVENT(I ' , J ' ,10)  in  the  decision  set  if  the  total  float 
of  the  former  is  greater  than  that  of  the  latter.  Holding 
the  EVENT  and  decision  set  arrays  in  common  maintains 
efficiency  of  the  program. 


0/ 


A flow  chart  depicting  the  logic  of  the  main  ASSIGN 
routine  is  shown  in  Figure  7.  The  subroutines  that  establish 
the  priority  of  an  activity  and  the  critical  path  of  a 
network  are  briefly  discussed  below. 

1.  Subroutine  SORT 

Subroutine  SORT  establishes  the  ordering  of  activities 
in  the  decision  set.  It  is  used  in  conjunction  with  all 
scheduling  heuristics  except  GRRD  and  GRU. 

In  this  subroutine,  an  index  ’IN’  is  received  from  the 
main  scheduling  program.  This  index  corresponds  to  the 
scheduling  heuristic  being  examined.  For  example,  if  a 
ranking  of  activities  based  on  activity  duration  is  desired, 
IN  is  set  equal  to  1.  Ranking  is  then  accomplished  by 
comparing  pairs  of  EVENT(I,J,1)  as  shown  in  Figure  8. 

2.  Subroutine  RANDOM 

The  logic  of  subroutine  RANDOM  is  shown  in  Figure  9 . 

In  this  subroutine,  a list  of  ranked  activities  is  searched 
and  if  any  two,  three,  four,  etc.,  tie  on  any  given  rule, 
a random  number  or  a string  of  random  numbers  is  drawn.  If 
a random  number  is  less  than  0.5,  the  corresponding 
activities  are  switched  in  their  order  for  consideration  of 
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Flow  Chart  for  Program  ASSIGN 


Figure  9:  Flow  Chart  for  Subroutine  RANDOM 
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resource  assignment;  if  a random  number  is  greater  than 
or  equal  to  0.05,  the  activities  remain  in  their  previous 
order. 

3.  Subroutine  MAXRES 

Subroutine  MAXRES  determines  the  quantity  of  resources 
needed  to  complete  a project.  It  is  required  when  the  GRRD 
scheduling  heuristic  is  being  used  to  schedule  a set  of 
activities. 

This  subroutine  examines  all  activities  within  a project; 
if  an  activity  has  not  been  scheduled  and  is  not  a current 
candidate  for  scheduling,  its  resource  requirement  is  added 
to  a running  total . This  running  total  then  represents  the 
total  remaining  resources  needed  to  complete  a project  and 
becomes  a priority  index  for  activities  in  that  project  that 
can  currently  be  scheduled. 

The  logic  of  MAXRES  is  depicted  in  Figure  10. 

4.  Subroutine  CPM 

Subroutine  CPM  establishes  the  EST,  EFT,  LST , LFT , TF, 
and  FF  of  an  activity  as  well  as  the  critical  path  through 
the  project  network.  It  also  reads  the  network  data  into 
memory  prior  to  determining  these  critical  path  estimates. 
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The  logic  of  CPM  is  shown  in  Figure  11. 

5.  Subroutine  DYNCRIT 

A flow  chart  for  DYNCRIT  is  not  included  because  its 
logic  is  nearly  the  same  as  that  of  CPM.  DYNCRIT  updates 
the  EST,  EFT,  LST,  LFT,  and  TF  of  an  activity  if  it  has  been 
postponed  because  of  a lack  of  resources . 

In  DYNCRIT,  the  EST  of  a delayed  activity  is  set  equal 
to  the  current  value  of  time,  and  all  subsequent  actitities 
reflect  this  updated  EST.  Thus  any  activity  after  being 
sufficiently  delayed  eventually  becomes  the  most  critical 
and  moves  to  the  top  of  a decision  set. 

6.  Subroutine  PRINT 

The  PRINT  subroutine  prints  the  relevant  schedules  and 
monitors  the  clock  used  in  keeping  track  of  the  time  required 
to  develop  a schedule.  Output  of  the  PRINT  subroutine  for 
one  scheduling  heuristic  and  one  project  is  shown  in  Figure 
12. 


7.  Subroutines  SET01  and  SIMPLE 

Subroutines  SET01  and  SIMPLE  solve  the  zero -one  integer 
programming  problems  necessary  for  instituting  the  scheduling 
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heuristic  Greatest  Resource  Utilization.  Descriptions  of 
these  routines  are  available  from  the  RAND  Corporation. 


1 — 

A.  M.  Geoffrion  and  A.  B.  Nelson,  User’s  Instructions 
for  0-1  Integer  Linear  Programming  Code  RIP30C , Santa 
Monica,  California:  The  RAND  Corporation,  RM-5627-PR, 

(May,  1968). 


CHAPTER  6 

EXPERIMENTAL  DESIGN  AND  TEST  RESULTS 

6.1  Introduction 

This  chapter  presents  the  results  of  scheduling  the 
project  set  described  in  Chapter  3 with  each  of  the  heuristic 
scheduling  rules  presented  in  Chapter  4.  Questions  relating 
to  the  design  of  the  experiment  are  discussed,  as  is  the 
method  of  obtaining  replications  of  the  data. 

6.2  Experimental  Design 

Factorial  experiments  permit  an  investigator  to  evaluate 
the  combined  effect  of  two  or  more  experimental  treatments 
when  they  are  used  simultaneously.  This  type  of  experiment 
is  also  useful  in  evaluating  test  factors  that  have  impor- 
tant causal  effects  independent  of  the  values  associated  with 
other  test  factors.  Since  the  objective  of  this  study  is  to 
assess  the  scheduling  abilities  of  various  heuristic  sched- 
uling rules  and  heuristic  scheduling  programs  (combinations 
of  scheduling  rules),  a factorial  experiment  is  an  appropri- 
ate technique  for  assessing  these  abilities. 

In  this  study,  seven  scheduling  rules  are  examined. 

l 

Five  of  these  (LTF,  GTRD,  GRRD,  SIO,  and  GRU)  are  applied 

’ v 1 ___ 

Suprja , chap.  4,  p.  54. 
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to  a project  scheduling  problem  independent  of  one  another. 
These  five  scheduling  rules  are  collectively  called  treat- 
ment A in  the  discussion  that  follows. 
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The  remaining  two  scheduling  rules  (RAN  and  RES)  are 
applied  only  in  conjunction  with  one  of  the  first  five 
treatments.  They  are  labeled  treatments  B and  C,  respect- 
ively. These  rules  attempt  to  improve  upon  the  schedules 
developed  by  the  other  rules  by  introducing  an  element  of 
chance  in  the  assignment  of  resources  to  an  activity  or  by 
applying  knowledge  gained  through  previous  scheduling 
efforts.  These  last  two  rules  exist  at  one  of  two  possible 
levels:  they  are  either  present  in  a heuristic  program  or 

they  are  not.  (This  is  to  be  distinguished  from  treatment 
A where  one  level  of  the  factor  must  always  be  present  in 
order  to  develop  a schedule.) 

Thus,  in  this  project  one  factor  (treatment  A)  is  varied 
over  five  levels  and  each  of  two  factors  (treatments  B and 
C)  are  varied  over  two  levels.  The  project  is  then  cor- 
rectly described  as  a 5x2x2  factorial  experiment;  from 
seven  scheduling  heuristics,  twenty  (5x2x2)  treatment  com- 
binations are  formed.  All  twenty  combinations  are  investi- 
gated in  this  study. 
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The  particular  factorial  experiment  used  is  said  to  have 
a randomized  complete  block  design.  The  blocking  performed 
is  achieved  by  varying  the  starting  times  of  each  of  the 
thirty-four  projects.  These  starting  times  are  generated  by 
drawing  random  variates  which  are  uniformly  distributed  over 
a span  of  180  days,  the  length  of  a schedule.  For  each 
block,  a string  of  thirty-four  random  variates  is  drawn.  The 
first  random  variate  is  the  starting  time  of  the  first  project, 
the  second  is  the  starting  time  of  the  second  project,  etc. 

One  string  of  thirty-four  random  variates  corresponds  to  one 
block  of  the  experiment.  Since  each  block  of  the  experiment 
receives  all  twenty  treatment  combinations  of  the  scheduling 
rules,  the  experiment  is  said  to  be  a complete  block  design. 

For  each  of  the  descriptive  measures  evaluated  in  this 
study,  a four-way  and  a two-way  analysis  of  variance  is 
performed  in  order  to  measure  interactions,  main  effects, 

and  effects  due  to  blocking  or  introducing  different 

2 

resource  demands.  Duncan's  Multiple  Range  Test  is  then 
used  to  rank  the  various  means;  the  5%  level  of  significance 
is  used  for  reporting  significant  differences. 

5 

See  David  B.  Duncan,  Multiple  Range  and  Multiple  F 
Testa,  Department  of  Statistics  and  Statistical  Laboratory, 
Virginia  Polytechnic  Institute,  Technical  Report  No.  6 
(1953),  p.  3 which  is  referenced  in  Acheson  J.  Duncan, 

Quality  Control  and  Industrial  Statistics,  Revised  Edition, 
Homewood,  Illinois:  Richard  D.  Irwin,  Inc.,  1959,  pp . 598-604. 
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Often  in  an  experiment  interest  lies  in  selecting  the 

treatment  which  has  the  largest  or  the  smallest  (population) 

3 

mean  value.  Bechhofer's  Multiple  Ranking  Procedure  gives 
the  experimenter  a decision  rule  for  selecting  the  largest 
or  the  smallest  population,  and  an  operating  characteristic 
which  tells  him  the  probability  of  his  making  a correct 
choice  if  he  follows  the  given  decision  rule.  For  example, 
if  the  primary  interest  lies  in  selecting  from  the  five 
basic  scheduling  rules  the  one  which  has  the  smallest 
(population)  mean  value , 'Bechhofer ' s procedure  provides  a 
decision  rule  for  selecting  this  treatment  mean  with  a 
specified  probability  of  making  a correct  decision.  With  a 
sample  size  of  thirty  observations  per  treatment,  there  is 
a 99%  probability  of  correctly  choosing  the  smallest  treat- 
ment mean  if  in  fact  it  has  an  expected  value  that  is  0.716a 
smaller  than  the  next  smallest  mean  (where  a is  equal  to  the 
population  standard  deviation).  Bechhofer's  procedure  is 
used  for  selecting  the  smallest  treatment  mean  for  each 
of  the  descriptive  measures. 


3Robert  E.  Bechhofer,  "A  Single-Sample  Multiple  Decision 
Procedure  for  Ranking  Means  of  Normal  Populations  with 


Known  Variances,"  Annals  of  Mathematical  Statistics , Vol. 
(1954),  pp.  16-39. 
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6.3  Determination  of  Sample  Size 

An  estimate  of  the  sample  size  (number  of  blocks) 
necessary  to  assure  significant  results  (given  an  associated 
o and  6 level)  is  needed  in  order  to  establish  the  number  and 
cost  of  the  computer  runs  required.  In  the  review  of  the 
literature,  it  was  noted  that  in  Pascoe's  study,  heuristics 

4 

as  a whole  (f)  are  not  significant.  Thus  it  is  imperative 

that  an  estimate  be  made  of  the  number  of  blocks  required  in 

order  to  assess  the  practicality  of  the  present  study. 

5 

Mize's  data  described  in  Chapter  2 more  closely  resembles 
the  present  study  than  do  the  studies  of  Knight  and  Pascoe; 
Mize’s  data  therefore  is  used  to  provide  information  for 
sample  size  estimation.  It  might  be  worthwhile  to  know,  for 
example,  how  large  n (the  number  of  blocks)  should  be  so  that 
with  the  power  at  0.95  and  a = 0.05,  we  are  able  to  reject 
the  hypothesis  that  Mize's  nine  multiple  attribute  decision 
rules  are  equal  when  in  fact  one  of  them  exceeds  the  others 
by  a,  the  population  standard  deviation.  This  criteria  for 

I 

determining  n is  reasonable  in  light  of  Mize's  results;  it 
further  provides  some  estimate  of  the  number  of  blocks  required 

4 

Supra , chap.  2,  p,  24. 
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in  this  study. 

Examination  of  power  curves  for  the  Non -Central  F - 

6 

Distribution  developed  by  Pearson  and  Hartley  reveals  that 
a sample  size  of  n ■ 28  is  needed  to  insure  the  accuracy 
stated.  A sample  of  thirty  blocks  was  thus  selected.  This 
number  of  blocks  is  well  within  the  limits  on  computer  time 
available  for  this  study. 


6.4  Test  Results 

Two-way  and  four-way  analysis  of  variance,  Duncan's 
Multiple  Range  Test,  and  Bechhofer's  Multiple  Ranking 
Procedure  for  each  of  the  four  criterion  functions  are 

7 8 

presented  in  this  section.  Bartlett's,  Cochran’s,  and 

9 

Hartley's  Short-cut  tests  for  the  homogeneity  of  variances 
are  made  on  all  of  the  summary  measures.  Using  Bartlett's 

test  the  hypothesis  that  the  variances  associated  with 

E — — 

E.  S.  Pearson  and  H.  0.  Hartley,  "Charts  of  the  Power 
Function  for  Analysis  of  Variance  Tests,  Derived  from  the 
Non-Central  F-Distribution,"  Biometrioa,  Vol.  38,  (1951), 
pp.  112-130. 

7 

Wilfrid  J.  Dixon  and  Frank  J.  Massey,  Jr.,  Introduction 
to  Statistical  Analysis,  New  York:  McGraw-Hill  Book  Company, 

Inc.,  1969,  pp.  308-310. 

8 

Ibid,  pp.  310. 

9 

H.  0.  Hartley,  "The  Maximum  F-Ratio  as  a Short-Cut  Test 
for  Heterogeneity  of  Variance,"  Biometrioa , Vol.  37,  (1950), 
pp.  308-312. 
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total  slippage  and  computer  processing  time  are 
homogeneous  is  rejected  at  the  5%  level;  the  hypothesis  for 
the  measures  weighted  total  slippage  and  total  resource  idle 
time  are  accepted.  Using  Cochran's  and  Hartley's  tests, 
the  conclusion  is  drawn  that  the  variances  associated 
with  each  summary  measure  are  homogeneous  at  the  5%  level 
of  significance.  The  variances  are  therefore  treated  as  being 
homogeneous.  Computed  values  for  each  of  the  tests  for 
homogeneity  of  variances  are  given  in  Table  14. 

In  the  discussion  that  follows,  the  statistical  results 
of  ranking  each  of  the  scheduling  rules  are  examined,  and  an 
attempt  is  made  to  state  which  scheduling  rule  is  superior 
for  each  criterion  function.  For  all  criterion  functions 
considered,  the  data  herein  reported  is  coded  since  it  is 
not  intended  for  public  use.  This  coding  does  not  affect 
the  analysis  or  the  interpretation  of  the  results. 

The  results  of  the  four-way  analysis  of  variance  show 
that  for  every  criterion  function,  treatments  A and  C are 
highly  significant.  Treatment  B is  significant  only  for 
the  computer  processing  time  criterion.  Thus,  although 
randomization  (treatment  B)  appears  necessary  for  solving 
certain  project  scheduling  problems,  it  contributes  little 
in  explaining  the  variation  in  schedules  when  a wide  span 
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TABLE  14 

TESTS  FOR  HOMOGENEITY  OF  VARIANCES 


Criterion 

Function 

Bartlett ' s 
Test 

Computed 

Value 

Cochran ' s 
Test 

Computed 

Value 

Hartley ' s 
Test 

Computed 

Value 

Total 

Slippage 

1.69* 

0.089 

1 

3.82 

i 

Weighted 

Total 

Slippage 

i 

1.01 

0.082 

3.07 

Total 
Resource 
Idle  Time 

0.98 

0.092 

i 

3.78 

Computer 

Processing 

Time 

1.81* 

0.091 

! 

3.65 

*The  variances  are  concluded  to  be  homogeneous  at  the  5% 
significance  level  with  two  exceptions.  The  hypothesis  of 
homogeneous  variances  is  rejected  at  the  5%  level  using 
Bartlett's  test  for  the  measures  of  total  slippage  and 
computer  processing  time.  The  hypothesis  of  homogeneous 
variances  is  accepted  using  each  test  and  for  all  of  the 
summary  measures  at  the  IS  significance  level. 


88 


of  problems  is  considered. 

1.  Total  Slippage 

The  total  slippage  of  a project  set  is  the  sum  over  all 
projects  of  the  difference  between  the  assigned  scheduled 
finish  time  and  the  late  finish  time  determined  by  critical 
path  methods.  Total  slippage  is  measured  in  days. 

The  average  amount  of  slippage  varies  between  998  and 
1502  days  depending  on  the  scheduling  rule  chosen.  The 
application  of  the  shortest  imminent  operation  heuristic  gives 
the  least  slippage;  greatest  remaining  resource  demand  gives 
the  highest.  As  can  be  seen  from  the  four-way  analysis  of 
variance  given  in  Table  15,  randomness  contributes  little 
in  explaining  the  variation  present  in  total  project  slippage. 

The  presence  of  rescheduling  generally  increases  the 
amount  of  slippage  present  in  a schedule.  Only  for  the  rules 
greatest  remaining  resource  demand  and  greatest  total  resource 
demand  is  slippage  reduced  by  the  presence  of  the  reschedule 
rule.  Both  of  these  rules,  however,  represent  the  worst 
instances  of  project  slippage. 

If  the  population  standard  deviation  is  approximately 
equal  to  the  square  root  of  the  sample  error  mean  square 
given  in  Table  16,  the  standardized  value  of  the  difference 
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TABLE  15 

ANALYSIS  OF  VARIANCE  FOR  TOTAL  SLIPPAGE 


Source 

KB 

i 

S.S. 

1 

M.S. 

F 

1 F 

a = 0 . 01 

A 

4 

6,491,757 

1,622,939 

386.38 

3.35 

B 

1 

6,767 

6,767 

1.61 

6.68 

C 

1 

279,288 

279,288 

66.49 

6.68 

AB 

4 

10,318 

l 

2,580 

0.61 

3.35 

AC 

4 

4,394,954 

1,098,738 

261.58 

3.35 

BC 

1 

5,287 

5,287 

1.26 

6.68 

ABC 

4 

6,455 

1,614 

0.38 

3.35 

Blocks 

29 

1,761,246 

60,732 

14.46 

1.75 

Error 

551 

2,314,408 

1 

| 

Total 
1 

559 

1 

15,270,481 

1 

1 

! 

j 

| 

1 

i 

TABLE  16 

ANALYSIS  OF  VARIANCE  FOR  TOTAL  SLIPPAGE 
TREATMENT  A ONLY 


Source 

n 

S.S. 

M.S. 

1 

F 

Fa=0.01 

Treatments 

4 

5,126,712 

1,281,678 

294.62 

3.48 

Blocks 

29 

518,316 

17  ,873 

4.11 

1.86 

Error 

116 

504,627 

4,350 

Total 


149 


6,149,655 
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between  the  two  lowest  ranking  population  means  associated 
with  a 991  probability  of  a correct  ranking  of  sample  means 
(using  Bechhofer's  decision  rule)  is  47  days.  This  indicates 
that  if  the  true  (population)  difference  between  the  two 
lowest  ranking  treatment  A means  (shortest  imminent  operation 
and  least  total  float)  is  at  least  47  days,  then  991  of  the 
time  the  true  ranking  of  the  population  means  will  result 
despite  the  random  statistical  fluctuations  of  sampling. 

While  Bechhofer's  test  does  not  permit  inferences  based  on 
the  observed  differences  in  sample  means,  it  appears  from 
the  sample  results  that  the  shortest  imminent  operation  rule 
is  the  lowest  ranking  scheduling  rule  for  total  slippage. 

The  results  of  applying  Duncan's  test  to  the  sample 
data  are  shown  in  Table  17.  The  shortest  imminent  operation 
heuristic  is  the  lowest  ranking  sample  mean  for  total  slippage; 
greatest  remaining  resource  demand  is  the  highest. 

2.  Weighted  Total  Slippage 

The  weighted  total  slippage  of  a project  set  is  the  sum 
over  all  projects  of  the  total  resources  demanded  by  a 
project  multiplied  by  the  slippage  of  that  project  as  defined 
above.  Weighted  slippage  is  measured  in  man-days. 

J 


IP 
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TABLE  17 

MULTIPLE  RANGE  TEST  FOR  TOTAL  SLIPPAGE 


Significance 


! 

I 

Treatment 

Mean 
(In  Day: 

TJRRD  RAN 

1,502 

-GRRD 

1,487 

'T3TRD  RAN 

1,351 

-_GTRD 

1,342 

“Urrd  RAN  RES 

1,206 

_GRRD  RES 

1,201 

~GTRD  RAN  RES 

1,161 

“GRU  RES 

1,155 

GRU  RAN  RES 

1.154 

‘ LTF  RAN  RES 

1,151 

SIO  RAN  RES 

1,150 

“SIO  RES 

1,138 

GTRD  RES 

1,132 

.LTF  RES 

1,131 

_GRU 

1,121 

. GRU  RAN 

1,110 

“LTF 

1 ,054 

_LTF  RAN 

1,043 

“SIO  RAN 

1,000 

SIO 

998 

i 

A vertical  line  enclosing  a group  of  means  indicates 
that  the  means  located  within  the  group  cannot  be 
distinguished  from  one  another  at  the  5%  level  of 
significance.  Descriptions  of  each  of  these  treatments 
are  found  on  pages  55-59  and  in  Table  13. 
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The  scheduling  rule  which  produces  the  least  weighted 
slippage  is  least  total  float.  Duncan's  Multiple  Range  Test 
is,  however,  unable  to  distinguish  between  this  scheduling  rule 
and  greatest  resource  usage.  Since  least  total  float  requires 
one-half  of  the  computer  processing  time  that  greatest  resource 
usage  requires,  least  total  float  is  the  better  rule  to  use  in 
order  to  minimize  the  weighted  slippage  of  project  sets. 

Results  of  applying  Duncan's  procedure  are  shown  in  Table  20. 

The  four-way  analysis  of  variance  given  in  Table  18  shows 
treatment  A (the  basic ' scheduling  heuristic),  treatment  C 
(the  reschedule  feature),  and  the  A-C  treatment  interaction 
are  significant  beyond  the  1%  level  in  the  analysis  of 
variance.  Treatment  B (randomness),  however,  adds  little  in 
explaining  the  variation  present  in  weighted  total  slippage. 

If  the  population  standard  deviation  is  approximately 
equal  to  the  square  root  of  the  error  mean  square  given  in 
Table  19,  then  the  standardized  difference  in  population 
means  associated  with  Bechhofer's  procedure  (and  a 99% 
probability  of  a correct  ranking  of  sample  means)  is  32,000 
man-days.  Bechhofer's  test  does  not  permit  inferences  to  be 
made  on  the  observed  differences  in  sample  means  between  the 
two  lowest  ranking  scheduling  rules,  least  total  float  and 
greatest  resource  utilization.  It  appears  from  the  sample 


TABLE  18 


ANALYSIS  OF  VARIANCE  FOR  WEIGHTED  TOTAL  SLIPPAGE 


AB 

AC 

BC 

ABC 


D 

S.S. 

(100,000) 

M.S. 

(100,000) 

F 

4 

192,859 

48,215 

32.95 

1 

1,699 

1,699 

1.16 

1 

19,963 

19,963 

13.64 

4 

4,022 

1,005 

0.69 

4 

130,052 

32,513 

22.22 

1 

953 

953 

0.65 

4 

3,218 

805 

0.55 

29 

417,217 

14,387 

9.83 

551 

806,356 

1,463 

599 

1,223,573 

TABLE  19 

ANALYSIS  OF  VARIANCE  FOR  WEIGHTED  TOTAL  SLIPPAGE 

TREATMENT  A ONLY 


Treatments 

Blocks 

Error 


180,315 

117,411 

232,388 


45,079 

4,049 

2,003 


22.50 

2.02 


a = 0 .01 


3. 


Total 


149 


530,114 
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TABLE  20 

MULTIPLE  RANGE  TEST  FOR  WEIGHTED  TOTAL  SLIPPAGE 


Significance 


Treatment 

Mean 

(In  Man -da) 

" GRRD  RAN  RES 

723,693 

GTRD 

723,395 

GRRD  RES 

723,127 

SIO 

721 ,692 

' GRRD  RAN 

719,803 

" GTRD  RAN 

714 ,011 

GRRD 

713,060 

SIO  RAN 

710,927 

LTF  RAN  RES 

703,471 

GRU  RAN  RES 

703,235 

. _ .GTRD  RAN  RES 

702,360 

SIO  RAN  RES 

698,327 

GRU  RES 

697,270 

SIO  RES 

695  ,129 

GTRD  RES 

693,777 

„ -LTF  RES 

692,352 

GRU  RAN 

660  ,190 

LTF  RAN 

655  ,869 

GRU 

653,746 

LTF 

644 ,648 

I 

! 

t. 


--I  — 


A vertical  line  enclosing  a group  of  means  indicates 
that  the  means  located  within  the  group  cannot  be 
distinguished  from  one  another  at  the  S%  level  of 
significance.  Descriptions  of  each  of  these  treatments 
are  found  on  pages  55-59  and  in  Table  13. 
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results,  however,  that  these  two  scheduling  rules  produce 
schedules  with  similar  values  for  weighted  total  slippage. 

3.  Total  Resource  Idle  Time 

The  total  resource  idle  time  is  the  amount  of  time 
that  resources  are  idle  during  a schedule  span.  Idle  time 
is  measured  in  man-hours. 

The  scheduling  abilities  of  the  shortest  imminent 
operation  heuristic  and  greatest  remaining  resource  demand 
are  reversed  when  measuring  idle  time  as  opposed  to  project 
slippage;  greatest  remaining  resource  demand  produces  the 
least  idle  time  schedule  and  the  shortest  imminent  operation 
heuristic  produces  the  greatest  idle  time  schedule.  Such  a 
result  would  be  expected.  The  logic  of  greatest  remaining 
resource  demand  lies  in  the  efficient  utilization  of 
resources,  whereas  the  logic  of  the  shortest  imminent 
operation  rule  lies  in  accomplishing  as  many  jobs  as  possible 
in  as  short  a length  of  time  as  is  possible.  What  would  not 
be  expected  in  these  results  is  that  the  greatest  remaining 
resource  demand  rule  performs  better  than  the  greatest  resource 
usage  rule!  The  greatest  resource  usage  rule  is  a local 
optimization  rule,  and  it  might  be  expected  to  perform  better 
than  a rule  which  doesn't  give  a guarantee  of  the  most  efficient 
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utilization  of  resources  within  a short  period.  The  results 
of  ranking  these  scheduling  rules  are  shown  in  Table  23. 

The  four-way  analysis  of  variance  for  total  resource  idle 
time  is  shown  in  Table  21.  As  with  the  previous  measures  for 
assessing  scheduling  ability,  treatments  A and  C and  the  A-C 
treatment  interaction  are  highly  significant  in  explaining  the 
variation  present  in  schedules,  whereas  treatment  B is 
insignificant . 

The  square  root  of  the  sample  error  mean  square  given 
in  Table  22  is  equal  to-  1,828  man-hours.  If  this  is 
approximately  equal  to  the  population  standard  deviation  and 
if  the  greatest  remaining  resource  demand  rule  has  a 
(population)  mean  value  that  is  1,308  man-hours  less  than 
the  next  lowest  ranking  scheduling  rule,  then  Bechhofer's 
procedure  leads  to  the  conclusion  that  there  is  a 991  chance 
of  correctly  selecting  the  lowest  ranking  treatment  despite 
the  random  statistical  fluctuations  of  sampling.  Although 
Bechhofer's  procedure  does  not  permit  these  inferences,  it 
appears  from  the  sample  results  that  the  greatest  remaining 
resource  demand  rule  produces  schedules  with  substantially 
less  idle  time  than  do  the  other  scheduling  rules  considered. 
The  difference  in  observed  idle  times  between  the  two  lowest 
ranking  scheduling  rules  is  felt  to  be  of  great  economic 
significance . 
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TABLE  21 


ANALYSIS  OF  VARIANCE  FOR  TOTAL  RESOURCE  IDLE  TIME 


971,843,896 

242,960,974 

78.84 

168,371 

168  ,371 

0.05 

579,515,883 

579,515,883 

88.06 

5,948,609 

1,487  ,152 

0.48 

639,991,514 

159,997,879 

51.92 

12,595 

12,595 

0.00 

8,764,936 

2,191,234 

0.71 

1,011,357,775 

1,697,964,539 

4,915,568,097 

34  ,874  ,405 
3,081  ,605 

11.32 

TABLE  22 

ANALYSIS  OF  VARIANCE  FOR  TOTAL  RESOURCE  IDLE  TIME 

TREATMENT  A ONLY 


M.S. 


F F 


Treatments  4 790,870,250  197,717,563  59.15 


a*0 . 0 1 


TABLE  23 


MULTIPLE  RANGE  TEST  FOR  TOTAL  RESOURCE  IDLE  TIME 


Significance 


1 


I 

! 

i 


T 

i 

i 


Treatment 

Mean 
(In  Man-1 

SIO 

! 68 

,203 

SIO 

RAN 

67 

,694 

'GRU 

RAN  RES 

i 66 

,583 

SIO 

RAN  RES 

66 

,571 

LTF 

RES 

66 

,557 

GTRD 

RES 

66 

,502 

GRU 

RES 

66 

,484 

GTRD 

RAN  RES 

I 66 

,419 

SIO 

RES 

66 

,414 

LTF 

RAN  RES 

i 66 

,394 

GRRD 

RES 

65 

,732 

LTF 

RAN 

65 

,681 

_GRRD 

RAN  RES 

65 

,599 

. LTF 

65 

,067 

GTRD 

64 

,080 

GTRD 

RAN 

63 

,987 

GRU 

RAN 

63 

,595 

_ GRU 

I 

63 

,364 

GRRD 

i 

61 

,193 

GRRD 

RAN  i 

60 

,736 

A vertical  line  enclosing  a group  of  means  indicates 
that  the  means  located  within  the  group  cannot  be 
distinguished  from  one  another  at  the  Si  level  of 
significance.  Descriptions  of  each  of  these  treatments 
are  found  on  pages  55-59  and  in  Table  13. 
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4.  Computer  Processing  Time 

The  Multi-Project  Scheduling  Program  was  run  on  the 
Indiana  University  CDC  3600  computer.  The  computer  process- 
ing times  herein  reported  refer  to  average  time  spent  in 
generating  a schedule,  exclusive  of  all  I/O  time. 

By  far  the  most  expensive  scheduling  rule  in  terms  of 
time  and  core  memory  required  is  the  greatest  resource  usage 
rule.  Assuming  that  non-prime  CDC  3600  time  costs  10tf  a 
second,  the  greatest  resource  usage  rule  is  $10  more  expensive 
than  the  least  cost  rule,  shortest  imminent  operation.  The 
high  cost  of  the  greatest  resource  usage  rule  is  due,  of  course, 
to  the  zero-one  integer  programming  code  incorporated  in  it. 

The  four-way  analysis  of  variance  given  in  Table  24  shows 
treatments  A,  B,  and  C to  be  significant  in  explaining  the 
variation  in  computer  processing  time.  Treatment  B is 
significant  for  computer  processing  time  because  its  presence 
always  adds  to  the  time  required  to  generate  a schedule. 

Duncan's  test  shown  in  Table  26  is  unable  to  distinguish 
a single  superior  scheduling  rule.  This  is  because  the  six 
lowest  ranking  rules  differ  by  at  the  most,  three  seconds. 

If  the  population  standard  deviation  is  approximately 
equal  to  the  square  root  of  the  error  mean  square  given  in 
Table  25,  and  if  the  difference  in  the  two  lowest  ranking 
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TABLE  24 

ANALYSIS  OF  VARIANCE  FOR  COMPUTER  PROCESSING  TIME 


Source 

D 

S.S. 

| 

M.S. 

F 

Fa=0.01 

A 

4 

608,183 

152  ,046 

8225.61 

3.35 

B 

1 

648 

648 

35.08 

6.68 

C 

1 

54,037 

54,037 

2923.39 

6.68 

AB 

4 

394 

98 

5.33 

3.35 

AC 

4 

154 

39 

2.09 

3.35 

BC 

1 

1 

30 

i 

30 

1.65 

6.68 

ABC 

4 

0 

0 

0 

3.35 

Blocks 

29 

2,176 

75 

4.06 

1.75 

Error 

551 

10,185 

18 

Total 

599 

675,808 

i 

J 

! 

1 

i 

TABLE  25 

ANALYSIS  OF  VARIANCE  FOR  COMPUTER  PROCESSING  TIME 

TREATMENT  A ONLY 


Source 

D 

S.S. 

1 

M.S.  | 

1 

F 

Fa=0.01 

Treatments 

4 

146,386 

36,596 

1396.65 

3.48 

Blocks 

29 

811 

28  | 

1.07 

1.86 

Error 

116 

3,040 

26  ■ 

Total 


149 


150,237 


TABLE  26 


MULTIPLE  RANGE  TEST  FOR  COMPUTER  PROCESSING  TIME 


Significance 


Treatment 


Mean 

(In  Seconds) 


A vertical  line  enclosing  a group  of  means  indicates 
that  the  means  located  within  the  group  cannot  be 
distinguished  from  one  another  at  the  51  level  of 
significance.  Descriptions  of  each  of  these  treatments 
are  found  on  pages  55-59  and  in  Table  13. 


(population)  treatment  means  is  3.6  seconds,  then  Bechhofer's 
procedure  assures  with  99%  probability  that  the  lowest 
ranking  population  mean  can  be  correctly  chosen  despite  the 
random  statistical  fluctuations  of  sampling.  This  difference 
in  mean  values  is  of  little  economic  significance.  The 
difference  in  cost  between  the  two  lowest  ranking  scheduling 
rules  is  only  about  20$.  Computer  processing  time  is 
therefore  concluded  to  be  of  little  economic  significance 
in  developing  schedules  for  the  types  of  problems  considered 
in  this  study. 


CHAPTER  7 

SUMMARY,  CONCLUSIONS,  AND  RECOMMENDATIONS 
FOR  FURTHER  RESEARCH 

7.1  Summary 

The  allocation  of  resources  to  multiple  projects  which 
simultaneously  compete  for  limited  resources  is  a problem 
characteristic  of  manufacturing  firms,  contracting  firms, 
and  research  and  development  organizations.  In  allocating 
resources,  it  is  often  found  that  activities  demand  more 
resources  than  are  available.  When  this  happens,  a 
question  arises  regarding  which  jobs  to  delay  and  which  jobs 
to  schedule.  Mathematical  programming  techniques  and 
heuristic  solution  procedures  have  been  employed  to  solve 
this  resource  allocation  problem.  The  object  of  this  study 
is  to  statistically  assess  many  of  the  heuristic  solution 
procedures  available  for  scheduling  multiple  projects. 

The  approach  taken  in  this  assessment  is  to  obtain  data 
representing  an  actual  multi-project  scheduling  problem.  This 
data  is  supplied  by  a research  and  development  organization, 
and  it  consists  of  thirty-four  projects  to  be  scheduled  over 
an  eight  month  interval.  It  is  felt  that  the  use  of  this  data 
provides  a more  realistic  challenge  to  the  heuristic  solution 
procedures  evaluated  than  the  alternative  of  generating 
fictitious  projects  on  a computer. 


tr 
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The  thirty-four  projects  *4fire  scheduled  simultaneously 
using  four  variations  of  five  basic  scheduling  heuristics. 

The  basic  rules  employed  are  (1)  the  shortest  imminent  op- 
eration rule,  (2)  a rule  which  considers  the  slack  present  in 
an  activity,  (3)  a rule  which  considers  the  total  resources 
demanded  by  an  activity,  (4)  a rule  which  attempts  to  sched- 
ule around  potential  bottlenecks,  and  (5)  a rule  which  sched- 
ules man  power  efficiently  over  a small  time  interval.  The 
variations  of  these  rules  are  a provision  for  rescheduling 
activities  based  on  resource  conflicts  exhibited  in  the  first 
schedule  and  a provision  for  switching  activities  at  random 
in  the  order  in  which  they  are  considered  for  resource  assign- 
ment when  they  tie  on  one  of  the  five  basic  scheduling  rules. 

Each  of  the  scheduling  rules  is  evaluated  on  its  ability 
to  generate  schedules  with  low  total  project  delays  and  low 
weighted  project  delays  where  the  weights  are  determined  by 
the  size  of  the  project.  In  addition,  the  rules  are 
evaluated  on  their  ability  to  generate  schedules  which 
utilize  manpower  efficiently.  Employing  analysis  of  variance 
tests,  multiple  ranking  procedures,  and  multiple  comparison 
methods,  the  rules  are  described  as  being  superior  or  inferior 
to  other  rules  in  satisfying  the  above  measures  of  organ- 
izational performance. 


The  shortest  imminent  operation  heuristic  schedules  act- 
ivities with  the  least  total  project  delay  while  concurrently 


scheduling  man  power  with  the  greatest  amount  of  idle  time. 

The  scheduling  rule  greatest  remaining  resource  demand 
(which  schedules  first  those  activities  on  projects  with  the 
greatest  remaining  work  to  be  completed)  produces  schedules 
that  result  in  the  least  amount  of  idle  time.  These 
schedules,  however,  represent  the  worst  possible  cases  of 
project  slippage. 

The  least  total  float  rule  produces  schedules  with 
the  least  weighted  slippage,  the  weight  being  determined 
by  the  man-days  of  resources  required  to  complete  the  project. 

Attempts  to  improve  scheduling  rules  by  adding  an 
element  of  chance  in  the  scheduling  of  activities  or  by 
rescheduling  activities  based  on  resource  conflicts  exhibited 
in  the  first  schedule  are  generally  unsuccessful.  In  isolated 
cases,  though,  the  presence  of  randomness  and  rescheduling 
does  make  an  improvement  in  a schedule. 

Finally,  the  difference  in  computer  processing  times 
required  for  implementing  the  various  scheduling  rules  is 
small  for  the  type  of  problems  considered.  The  greatest 
resource  usage  rule  employing  a zero-one  integer  programming 
algorithm  is  the  only  rule  which  requires  a significantly 
larger  amount  of  computer  time  for  developing  a schedule. 


7.2  Conclusions  and  Comparisons  with  Other  Studies 


The  results  of  this  study  demonstrate  that  for  the 
type  of  problems  considered,  scheduling  rules  which  base 
their  logic  on  moving  jobs  through  the  system  in  as  short 
a length  of  time  as  possible  generally  produce  low  slippage 
schedules  at  the  expense  of  inefficient  utilization  of 
resources.  Those  scheduling  rules  which  concentrate  on 
using  resources  efficiently,  do  so  at  the  expense  of  rather 
large  delays  in  project  completion. 

These  conclusions  are  just  the  opposite  of  those 
1 

reached  by  Mize.  For  the  class  of  problems  he  considers, 
a rule  which  produces  a schedule  with  low  project  slippage 
simultaneously  schedules  activities  so  that  facility  idle 
time  is  low.  The  difference  in  findings  demonstrates  that 
before  any  scheduling  algorithm  which  employs  heuristic 
techniques  is  adopted  by  a firm,  a determination  should  be 
made  concerning  the  ability  of  the  algorithm  to  satisfy  the 
specific  project  scheduling  objectives  of  the  firm.  It  may 
be  that  one  set  of  heuristic  scheduling  rules  is  unable  to 
satisfy  these  objectives  when  different  classes  or  groups  of 
projects  are  considered. 


The  results  of  this  study  also  demonstrate  that  when 


an  actual  scheduling  problem  is  examined,  the  heuristic 

methods  of  determining  schedules  do  account  for  a 

significant  portion  of  the  variation  present  in  project 

scheduling  objectives.  These  results  do  not  agree  with  those 
2 

of  Pascoe.  This  disparity  between  findings  may  be  a result 
of  the  smaller  amount  of  variation  present  in  the  projects 
examined  in  this  study.  The  disparity  may  also  be  accounted 
for  by  the  difference  in  scheduling  rules  examined. 

No  significant  difference  in  performance  exists  between 
scheduling  programs  that  possess  an  element  of  randomness 
and  those  which  do  not.  Thus,  while  a certain  amount  of 
randomness  seems  necessary  for  solving  some  project 
scheduling  problems  optimally,  randomness  generally  adds 
little  in  deriving  schedules  that  satisfy  various  project 
scheduling  objectives.  Because  the  cost  of  having  randomness 
in  a scheduling  program  is  low,  however,  a firm  may  run 
several  programs  (each  with  a different  set  of  random 
numbers)  and  then  pick  the  schedule  that  comes  closest  to 
meeting  its  objectives. 


While  rescheduling  based  on  resource  conflicts 
exhibited  in  the  first  schedule  is  significant  in  the  analysis 


of  variance,  scheduling  rules  not  using  the  reschedule 
feature  out-perform  those  that  do  use  it  for  every 
scheduling  criteria  considered.  These  reschedule  results 


jj 

do  not  agree  with  the  reschedule  results  reported  by 
3 

Knight.  Because  of  his  linearization  technique  which 
eliminates  the  slack  present  in  an  activity  and  because 
of  the  difference  in  reschedule  features  used  in  the 
two  studies,  the  two  sets  of  results  are  not  strictly 
comparable. 

One  of  the  benefits  claimed  for  heuristic  procedures 
is  their  ability  to  generate  solutions  rapidly  and  therefore 
inexpensively.  The  results  of  this  study  demonstrate 
that  it  is  economically  practical  to  employ  several  heuristic 
scheduling  rules  and  to  then  choose  a schedule  which  comes 
closest  to  meeting  the  specific  objectives  of  the  firm. 

The  computer  program  developed  for  this  study  is  able  to 
schedule  thirty-four  projects  over  a one  year  span  for  a 
work  force  of  approximately  one  hundred  men.  The  program 
requires  between  twenty  and  forty  seconds  of  CDC  3600 
computer  time  to  develop  such  a schedule.  (The  time  quoted 
depends  upon  the  scheduling  rule  chosen,  and  does  not 
include  the  greatest  resource  utilization  scheduling 
heuristic).  With  prime  CDC  3600  time  costing  20*  per  second, 


33. 
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a one  year  schedule  can  be  developed  for  about  $6.00.  At 
non-prime  time,  the  same  schedule  costs  about  $3.00. 

These  low  cost  schedules  are  beneficial  to  management 
because  of  their  ability  to  assess  the  effects  of 
accepting  more  or  less  direct  project  work  and  the  effects 
of  varying  the  work  force  to  any  great  extent.  By  using 
the  programs  and  procedures  developed  in  this  study,  a large 
number  of  input  parameters  can  be  varied  and  the  effects 
assessed.  The  resultant  cost  is  very  low  considering  the 
potential  benefits  derived. 

The  scheduling  programs  developed  also  have  great 
potential  as  a portion  of  a management  information  system. 

It  is  an  easy  matter  to  judge  the  effects  of  taking  on  an 
additional  project  or  changing  the  project  mix  with  the 
Multi-Project  Scheduling  Program.  When  using  MPSP,  it 
should  be  possible  to  set  more  accurate  completion  dates  for 
projects  than  if  such  a system  is  not  employed.  It  is  a 
simple  matter  to  judge  the  effects  of  a different  project 
mix  on  the  types  and  quantities  of  manpower  required  by  the 
firm.  This  ab  ility  to  assess  alternatives  inexpensively 
is  of  great  benefit  to  a firm  deciding  whether  to  accept 
a job  (project)  or  to  change  the  number  or  the  mix  of  its 
personnel . 
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7.3  Recommendations  for  Further  Research 

Several  avenues  of  research  have  opened  as  a result  of 
this  study.  This  is  especially  true  with  regard  to  efforts 
to  make  the  results  operational  in  the  firm  described. 

The  following  suggestions,  however,  are  in  no  way  limited 
solely  to  the  firm  considered  in  this  study. 

First,  other  scheduling  rules  than  those  treated  in 
this  study  could  be  examined.  The  ones  examined  are  a 
sample  of  those  available,  and  it  is  indeed  possible  that 

other  existing  rules  can  out-perform  those  examined  here. 

4 5 

Many  such  rules  are  suggested  by  Pascoe  and  Mize  and  are 

not  examined  in  this  study.  It  would  also  be  advantageous 

to  assess  the  abilities  of  many  of  the  mathematical  programming 

algorithms  available  for  scheduling  moderate  size  projects. 

Second,  the  present  study  can  be  expanded  by  fitting 

the  project  characteristics  outlined  in  Chapter  3 to 

empirical  distributions  in  order  to  generate  project  sets 

similar  to  the  one  described.  Numerous  Monte  Carlo  techniques 

are  available  for  doing  this.  The  examination  of  project 

characteristics  and  subsequent  generation  of  project  sets 

makes  it  possible  to  obtain  data  at  a relatively  low  cost 
- 

Supra , chap.  2,  Table  3,  p.  25. 

5 

Supra , appendix  A,  p.  38  , 
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when  compared  to  the  cost  of  obtaining  original  data.  The 
generation  and  analysis  of  project  sets  also  broadens  the 
inference  space  over  which  conclusions  regarding  these 
results  may  be  made. 

A third  area  for  research  lies  in  the  determination 
of  the  distributions  and  moments  of  project  characteristics 
such  as  those  described  by  Pascoe.  This  would  involve 
contacting  many  firms  and/or  individuals  willing  to  supply 
project  data.  Again,  once  this  data  is  gathered,  the 
inference  space  over  which  conclusions  can  be  made  includes 
a much  larger  class  of  problems. 

The  above  two  areas  for  further  research  suggest  a 
fourth  area  that  would  involve  determining  how 
characteristics  of  project  sets  can  be  used  to  determine 
which  scheduling  rule  is  most  likely  to  develop  a superior 
schedule.  Research  similar  to  this  is  being  performed  in 
the  integer  linear  programming  area  where  attempts  are 
being  made  to  determine  which  IP  algorithms  are  most  likely 
to  solve  certain  types  of  integer  programming  problems.  The 

f 

output  of  this  study  would  consist  of  a group  of  statistical 
routines  that  would  examine  a particular  project  set  and 
determine  which  heuristic  rules  would  be  superior  for 
scheduling  the  project  set.  The  statistical  routines  would 


then  call  a scheduling  routine  consisting  of  the  rules 
determined  to  be  superior  for  scheduling  the  projects  under 
consideration. 

One  of  the  assumptions  of  the  present  research  suggests 
a fifth  and  final  possibility  for  future  research.  This 
assumption  is  that  resources  are  used  by  an  activity  at 
a constant  rate.  Within  the  context  of  the  resource 
constrained  scheduling  problem,  there  needs  to  be  made  a 
decision  on  how  this  assumption  affects  the  scheduling 
procedures  developed.  Activities  can  often  be  accelerated 
by  the  application  of  additional  resources.  Whether  the 
ranking  of  the  scheduling  procedures  developed  in  this 
study  would  remain  the  same  with  the  assumption  of  a varying 
resource  usage  rate  needs  to  be  determined. 
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EST  Early  Start  Time 

The  earliest  that  an  activity  can  begin,  given  the 
constraints  imposed  by  the  precedence  relations  and 
the  constraints  imposed  on  the  beginning  of  the  entire 
project,  is  denoted  by  EST.  It  is  computed  as  follows: 


EST (a.)  = max 
J all 


J 


0 

EST  (a 


* Vi 


a . , <<  a . ( 

j-1  j / 


where  <<  denotes  "immediately  precedes" 


EFT  Early  Finish  Time 

The  early  finish  time  of  an  activity  is  the  earliest 
that  an  activity  can  finish,  given  the  precedence  relations 
of  the  network  and  the  constraints  imposed  upon  the 
beginning  of  the  entire  project.  It  is  computed  as  follows: 

EFT (a.)  * EST (a.)  + d. 

3 J 3 


LFT  Late  Finish  Time 

The  latest  that  an  activity  can  finish  without  delaying 
the  completion  time  of  the  entire  project  is  denoted  by 
LFT.  It  is  computed  as  follows: 


LFT (a.) 


• min 
all  a 


!max  LFT 
LFTCa^J 


LFTCaj+l>  - dj+l 


i+i 


>>  a 


4 


where  >>  denotes  "immediately  succeeds" 
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LST  Late  Start  Time 

The  late  start  time  of  an  activity  is  the  latest  that 
an  activity  can  start  without  delaying  the  completion  of 
the  entire  project.  It  is  denoted  by  LST  and  is  computed 
as  follows: 

LST (a  . ) = LFT (a . ) - d. 

J J J 

TF  Total  Float 

The  total  float  of  an  activity  is  the  amount  of  time 

that  an  activity  can  be  delayed  without  delaying  the 

overall  project.  It  is  determined  using  one  of  two 

different  formulas: 

TF (a  . ) = LST (a.)  - EST (a . ) 

J J J 

or 

TF (a  . ) = LFT (a.)  - EFT (a.) 

J J r 

Total  float  is  often  referred  to  as  total  slack  or  slack  in 
the  literature. 

FF  Free  Float 

The  free  float  of  an  activity  is  an  indication  of  the 
extent  to  which  the  activity  can  be  delayed  without 
delaying  any  subsequent  activity  in  the  project.  It  is 
computed  as  follows: 
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FF(a.) 

CP  Critical  Path 

The  critical  path  of  a network  is  defined  to  be  that 
chain  of  activities  from  origin  to  terminus  which  has  the 
largest  sum  of  durations  comprising  its  length.  A project 
can  have  more  than  one  critical  path.  All  activities  with 
TF  = 0 are  termed  critical  activities  and  lie  on  a critical 


■ [BST(aj+iJ  - EFT(a.)|  a.  « aJn  ] 


path  of  a project. 
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